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GENERAL INTRODUCTION 
In ail organisms and cells investigated, exposure to above 
normal environmental temperature or to a variety of other stressful 
stimuli results in the increased synthesis of heat shock proteins 
(HSPs), a small set of evolutionarily conserved polypeptides (For 
comprehensive reviews, see Lindquist, 1986; Lindquist and Craig, 
1988.). Although the heat shock response varies somewhat between 
organisms and even within an organism as a function of severity of 
stress, a number of features of the response are universal. The 
purpose of this introduction is to review briefly several of these 
features, principally the identity and shared properties of certain 
stress proteins, thus providing a basis for the work presented in 
this dissertation. 
HSPs are classified according to relative size, with most given 
family names based on the decade number closest to apparent 
molecular mass in kilodaltons. Families include hspllO, hsp90, 
hsp70, and hsp60. In addition, all organisms produce one or more 
small hsps that comprise a heterogenous group. Hsp70 and hsp90 are 
the two most abundant hsps, respectively (Lindquist, 1986). 
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Hsp70 
A single hsp70-like protein, the product of the dnaK gene 
(Bardwell and Craig, 1984), is found in Escherichia coli. In contrast, 
a family of several hsp70-like proteins of related sequence exists in 
yeast and in higher eucaryotes. Regulation of these related hsp70s 
in eucaryotes is complex. For example, four of the up to 10 members 
(Mues et al., 1986) of the human hsp70 family exhibit the following 
expression (reviewed in Welch et al., 1989; nomenclature after 
Watowich and Morimoto, 1988): Hsp70, the major heat inducible 
protein, displays constitutive expression, regulation during the cell 
cycle, and induction by serum and by adenovirus El A protein in 
transformed cells; hsp72 exhibits stress induced, but not basal, 
expression; p72 (a.k.a. hsc70 for "heat shock cognate") shows high 
basal expression, but is only slightly heat inducible; grp78 (a.k.a. BiP 
for "binding protein") is expressed at high basal levels, especially in 
secretory cells, where expression is enhanced during glucose 
deprivation. 
Mammalian hsp70 family members also show differences in 
cellular location and, in some cases, are redistributed following 
heat shock (reviewed by Pelham, 1986). Hsp70 and hsp72 are 
normally found both in the the nucleus and cytoplasm, while hsc70 
predominantly resides in the cytoplasm. Upon heat shock, however, 
each is mostly found in the nucleolus or elsewhere in the nucleus. 
Grp78 and the more recently discovered p71 (Leustek et al., 1989) 
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are localized, respectively, in the lumen of the endoplasmic 
reticulum (ER) and in mitochondria. 
At least nine genes belong to the HSP70 multigene family in 
the yeast Saccharomyces cerevisiae (reviewed in Lindquist and 
Craig, 1988). Like mammalian hsp70s, the yeast family displays a 
complex pattern of expression, with individual members induced 
differently in response to certain physiological signals (Werner-
Washburne et ai, 1989). Based on DNA sequence comparisons and 
genetic analysis of strains carrying disruptions in 8 of the 9 genes, 
Craig and colleagues have assigned the yeast hsp70s to four 
subfamilies: SSA (so termed for "stress-seventy" subfamily "A"), 
SSB, SSC, and SSD. In addition to these four groups, another member 
of this gene family, KAR2, which codes for yeast homolog of .the 
mammalian BiP, was identified (Rose et ai, 1989; Normington et ai, 
1989). Out of all gene members, only one of the SSD genes lacks a 
phenotype in the absence of a gene product. The cytoplasmic hsc70 
proteins are encoded by SSA1 and SSA2. The double deletion mutant 
ssa1 ssa2 is temperature sensitive for growth. In this mutant, the 
product of SSA4 changes from heat inducible to compensatory, 
constitutive expression. If SSA4 is additionally deleted, cells are 
inviable at all temperatures. Loss of function of only SSC1 or KAR2, 
both essential genes, results in a phenotype in the absence of 
mutations in other gene family members. Not surprisingly, the yeast 
hsp70s carry out essential functions in the cytoplasm, lumen of the 
ER, and mitochondria, as discussed below. 
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The role of several hsp70s, at least in principle, has been 
elucidated. In pre-B cells that have not yet synthesized 
immunoglobulin light chains, a fraction of BIP (grp78) binds to heavy 
chains in the ER (Haas and WabI, 1983). These BiP-heavy chain 
complexes dissociate in the presence of ATP (Munro and Pelham, 
1986). Other protein species, of both viral and cellular origin, have 
also been shown to associate with BIP, especially when improperly 
folded (Kassenbrock et ai, 1988). These observations, together with 
the finding that aberrant polypeptides in the ER fail to dissociate 
from BIP (Gething et al., 1986), led to the view that BiP plays an 
essential role in protein assembly in the ER. 
Several studies demonstrated that, in vitro, hsc70 can 
facilitate the release of clathrin units from coated vesicles 
(Ungewickel, 1985; Chappell etal., 1986). Coated vesicles are 
intermediates in receptor-mediated endocytosis, and are composed 
primarily of trimers, termed triskelions, of the protein clathrin. 
These triskelions can self-assemble into hollow cages that are 
similar to the mature vesicle. Cage depolymerization effected by 
hsc70 is coupled to ATP hydrolysis in a clathrin-dependent fashion 
(Braell etal., 1984). It is thought that ATP hydrolysis leads to the 
displacement of aspects of the triskelion, which are then 
transiently bound and stabilized by hsc70. Although the in vitro 
studies are compelling (See Lindquist and Craig, 1988.), an in vivo 
role for hsc70 as an ATPase uncoating protein has not been 
established. 
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As mentioned above, hsp70 and hsc70 migrate to the nucleus 
during heat shock. In a number of eucaryotic cells, heat shock 
renders numerous nuclear proteins insoluble, leading to aggregation 
as part of a nuclease- and high salt-resistant nuclear matrix 
(Levinger and Varshavsky, 1981). Upon arrival in the nucleus, hsp70 
and hsc70 concentrate in the nucleolus and likely associate with 
incompletely assembled ribosomes (Welch and Suhan, 1986). 
Nucleoli are sensitive to the effects of heat (Mayrand and Pedersen, 
1983); thus, nucleolar deposition of hsp70s appears to correlate 
with maintenance of intact nucleolar morphology. Specifically, 
hsp70s may preserve or at least help stabilize ribonucleoproteins 
and preribosomes within the granular region (Welch and Suhan, 
1986), This notion is supported by the findings that nucleoli recover 
more rapidly in cells transfected with a plasmid that overproduces 
hsp70 (Pelham, 1984) and that, following heat shock, hsp70s exit 
the organelle as normal structure and function return (Velazquez and 
Lindquist, 1984; Pelham, 1984; Welch and Suhan, 1986). 
The mechanism of action of these hsp70s, like those proposed 
for BiP and hsc70 discussed above, probably involves ATP hydrolysis: 
Lewis and Pelham (1985) demonstrated that the strong association 
of hsp70 with nucleoli after heat shock can be broken in vitro by 
addition of ATP but not by nonhydrolyzable ATP analogs. Indeed, the 
high affinity which certain hsp70s display for numerous nucleotides, 
especially ATP (Welch and Feramisco, 1985; Chappell et ai., 1986), 
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and attendant ATPase action may be common features of this protein 
family. 
Based on several of the foregoing observations of hsp70 
associations and properties, Pelham (1986) proposed that these 
stress proteins carry out vital functions in cells under normal 
conditions by utilizing ATP hydrolysis to disrupt denatured 
aggregates or quaternary structure in oiigomeric complexes. Roles 
compatible with this model have since been described for several 
hsp70s in yeast: Hsp70s function in post-translational import of 
certain secretory proteins into the lumen of the ER (Deshaies et at., 
1988; Chirico et ai, 1988) and of precursor polypeptides destined 
for entry into mitochondria (Deshaies et ai, 1988). Yeast strains 
carrying mutations in HSP70 genes {SSA1, SSA2, and SSA4) were 
found to accumulate precursors that are normally transported into 
ER or mitochondria in wild-type cells (Deshaies et at., 1988). 
Import into both the ER (Zimmermann et ai, 1988; Chirico et al., 
1988) and mitochondria (Pfanner and Neupert, 1986; Chen and 
Douglas, 1987; Eilers and Schatz, 1987) is known to require ATP 
hydrolysis. As postulated by Rothman and Kornberg (1986), ATP 
hydrolysis is required to maintain precursors in a proper, competent 
conformation, at least with respect to import into the ER (Wiech et 
al., 1987). An unfolded conformational state, presumably afforded 
by an ATP-driven mechanism, has been shown necessary for 
mitochondrial membrane competence (Eilers and Schatz, 1986). 
Therefore, the hsp70 family carries out many essential duties, in 
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addition to helping to protect the cell from damage due to stressful 
stimuli. 
Hsp90 
In most cells, hsp90 is an abundant, predominantly 
cytoplasmic protein at normal temperatures. Hsp90 is induced 
further by heat and can relocalize in nuclei after such treatment. 
Several classes of interaction of hspSO with other proteins have 
been described (reviewed In Lindquist and Craig, 1988). In one, 
hsp90 interacts with several protein tyrosine kinases from the time 
the kinases are synthesized to the time they associate with the 
plasma membrane. Specifically, after release from association with 
hsp90, the tyrosine kinase ppGQsrc (the transforming protein of Rous 
Sarcoma Virus), is phosphorylated on tyrosine, inserted into the 
membrane, and activated. The association with hsp90 is thought to 
keep the protein kinase soluble and inactive during transport to final 
membrane destination. 
In another class of interaction, hsp90 interacts with the 
unoccupied, 8S form of various steroid hormone receptor complexes. 
Upon binding of steroid, the receptor undergoes a temperature-
sensitive transformation to the biologically active 4S form, with 
the concomitant loss of hsp90. Hormone binding receptors can bind 
to DNA in the absence of hsp90, even when not coupled to hormone 
(Sanchez et ai, 1987). As pointed out by Lindquist and Craig (1988), 
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the universality of the association between hsp90 and hormone 
receptor, the stoichiometry of binding, and the inverse correlation 
between binding of hsp90 and activation of receptor for DNA binding 
indicate a significant biological role for hsp90 in regulation of 
hormone-induced gene expression, not merely a spurious association. 
Given that hspQO binds neither steroid hormone nor DNA, a presumed 
role for hps90 Is to disallow premature binding of receptor to DNA 
in the absence of hormone. Hsp90 may carry out this function by 
maintaining receptors in an unfolded state until arrival of hormone 
(Picard et al., 1988). 
In still another case of interaction, hsp90 has been shown to 
associate both with actin (Koyasu et ai, 1986) and tubulin. Thus, 
this hsp, similar to hsp70 in the uncoating of clathrin, may help 
preserve the economy of the cell by recycling receptors and 
elements of structural architecture, obviating the need for new 
rounds of protein synthesis. 
Hsp60 
Recognition of a highly conserved group of proteins consisting 
of hsps or close relatives of about 60 kd was made only recently. 
Before definition of the hsp60 class of proteins, two extensively 
studied proteins of similar size but different origin were not known 
to be related. These are the ribulose bisphosphate carboxylase-
oxygenase (rubisco) subunit binding protein of plants and the product 
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of the groEL gene of E. coli. The rubisco subunit binding protein 
binds transiently to recently synthesized, as yet unassembled 
subunits of the multimeric enzyme complex ribulose bisphosphate 
carboxylase-oxygenase within chloroplasts (Ellis and van der Vies, 
1988; Roy etal., 1988; Gatenby et ai, 1988). The subunit binding 
protein interacts noncovalently with both the large subunits 
synthesized in the stroma and the newly imported small subunits; 
however, it does not become part of the holoenzyme. Antibodies to 
the binding protein inhibit assembly by preventing the transfer of 
large subunits to rubisco (Cannon etal., 1986). Purified subunit 
binding protein actually consists of two similar but distinct 
species, of about 60 and 61 kd (Hemmingsen and Ellis, 1986). These 
proteins can self-assemble into heterogeneous oligomers of at least 
12 unit proteins each. In the presence of ATP, however, oligomers 
disassemble (Musgrove etal., 1987). 
Roy (1989) has proposed the following model for rubisco 
assembly: 1) Subunit binding protein binds large subunits, leading 
to formation of a high molecular weight complex. 2) ATP produced 
by photophosphorylation or ATP-dependent factors causes 
fractionation of the oligomer into dimeric complexes consisting of a 
large subunit and a binding protein or another large subunit. 3) 
These dimeric complexes then join with small subunits in an as yet 
uncharacterized process to form hexadecameric rubisco 
holoenzymes. Whatever the exact mechanism, the ability of subunit 
binding protein to participate in supramolecular assembly in an 
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ATP-dependent manner is, of course, of paramount importance to tlie 
plant cell. 
DNA sequence analysis of complementary cDNA encoding the 
wheat 61 kd subunit binding protein revealed extensive homology to 
the 58 kd product of E. coli groEL (Hemmingsen et ai, 1988). The 
groEL protein is abundant at normal temperature and can account for 
up to 12-15% total cellular protein following heat shock (Neidhardt 
etal., 1981). The groE genes, groEL and groES, which encodes a 10 
kd protein (Chandrasekhar etal., 1986), constitute an operon (Fayet 
etal., 1986; Hemmingsen etal., 1988). Both gene products are 
required for bacterial growth at all temperatures (Fayet etal., 
1989). Furthermore, mutations in either gene block production of 
bacteriophage lambda (Georgopoulos etal., 1973; Sternberg, 1973) 
and T4 (Georgopoulos etal., 1972; Takano and Kakefuda, 1972; Coppo 
etal., 1973). These bacterial hsps have been shown to participate in 
capsid formation at a post-translational level of subunit assembly 
(Kochan and Murialdo, 1983; Kochan etal., 1984), similar to the 
stage of activity described above for the subunit binding protein. 
That the groEL product and the subunit binding protein in fact share 
a similar action was demonstrated by the finding that the groE 
products are required for the assembly of foreign procaryotic 
rubisco, consisting of only two subunits, in E. coli (Goloubinoff et 
al., 1989a). Using an in vitro reconstitution assay, Goloubinoff and 
colleagues (1989b) later demonstrated that formation of 
biologically active foreign rubisco is dependent upon the presence of 
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both groE proteins and Mg-ATP. Like the subunit binding protein, 
neither groEL nor groES becomes part of the assembled product. 
The native structure of the groEL protein is a 14-subunit 
complex made up of two stacked rings with 7 subunits each (Hendrix, 
1979; Hohn ei ai, 1979), while the assembled form of the groES 
protein is a ring of 6 to 8 subunits. The groEL and groES complexes 
bind to one another in the presence, but not the absence, of ATP, 
where binding of groES inhibits the ATPase activity of groEL 
(Chandrasekhar et a!., 1986). Evidence for an in vivo role of groEL in 
transiently binding newly synthesized proteins and in ensuring a 
translocation-competent state for secretory proteins was provided 
by photo-crosslinking experiments (Bochkareva et ai., 1988). It was 
found that secretory proteins maintained in an unfolded state 
through association with groEL were competent for secretion and 
that interaction between groEL and unfolded protein was abolished 
by ATP hydrolysis. Thus, groEL may normally function in a manner 
similar to that described above for hsp70s. 
McMullin and Hallberg (1987) discovered a 58 kd mitochondrial 
protein in Tetrahymena ttiermophila that is present under normal 
growth conditions and induced several-fold during temperature 
elevation. By several criteria, this protein was identified as a 
homolog of the groEL product (McMullin and Hallberg, 1988). Related, 
similarly sized proteins in S. cerevisiae, Xenopus laevis, Zea mays, 
and human cells were identified by immunological cross-reactivity 
with antiserum against the purified T. thermophila protein. The 
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related proteins in S. cerevisiae and in E. coli were confirmed as 
heat-inducible and shown to display an almost identical oligomeric 
morphology to that of the T. thermophila complex when visualized by 
electron microscopy. 
In order to better understand the gene expression and function 
of one such highly conserved mitochondrial groEL-like hsp, we 
sought to isolate and characterize the yeast gene belonging to this 
family. Section I of this dissertation describes the initial isolation 
of the yeast gene HSP60. A more detailed characterization is 
presented in Section II, while Section III describes the complex 
regulation of this gene. 
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SECTION I. ISOLATION AND CLONING OF THE YEAST GENE HSP60 
14 
INTRODUCTION 
During the course of a study of heat inducible, ribosome-
associated proteins that may play a role in regulation of translation 
during heat shock in Tetrahymena thermophila, our laboratory 
identified and purified a 58 kDa protein (McMullin and Hallberg, 
1987). Although this protein, which was later designated "hsp60," 
displays a heat induction similar to that for the major heat shock 
proteins and copurifies with ribosomes under certain experimental 
regimens, further analysis revealed that it neither co-resides with 
cytoplasmic ribosomes nor has any probable role in translation 
during hyperthermia. Instead, hsp60 resides solely in mitochondria 
both in heat-shocked cells and in cells grown at natural 
environmental temperature. 
Using antiserum generated against highly purified 
T. thermophila hsp60, McMullin and Hallberg observed immunologic 
cross-reactivity with single, similarly sized proteins in Escherichia 
coli, Saccharomyces cerevisiae, Xenopus laevis, Zea mays, and human 
transformed cells (McMullin and Hallberg, 1988). In each eucaryotic 
species examined, the cross-reactive protein is associated with 
mitochondria. More extensive investigation of S. cerevisiae and E. 
coli revealed that the cellular concentration of these proteins also 
selectively increases, about 2 to 3-fold, during heat shock. The 
sedimentation profile of the yeast and bacterial proteins in sucrose 
gradients established under nondenaturing conditions indicated 
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similar oligomeric sizes of about 20 to 25S, compatible with the 
previously determined size of the E. coli groEL oligomer (Hendrix, 
1979; Hohn et al., 1979) and the hsp60 oligomeric complex from T. 
thermophila (McMullin and Hallberg, 1987). In addition, it was found 
that native hsp60 complexes from both T. thermophila and S. 
cerevisiae, as visualized by electron microscopy, display a two-
tiered, ringed architecture with 7-fold axial symmetry 
indistinguishable from the oligomeric morphology of E. coli groEL 
(Hendrix, 1979; Hohn et al., 1979). The native structure of the groEL 
protein is a decatetramer, with the Mr 65,000 subunits arranged in a 
double ring. Based on the above observations, it was concluded that 
homologs of the groEL-enco6e6 protein, a product of the high 
temperature regulon, exist in the mitochondria of diverse 
eucaryotes. These studies document the third case in which a 
eucaryotic heat shock protein family has been found related to a 
member of the E. coli heat shock regulon. 
The groE genes were discovered because mutations in either of 
the two loci, groEL or groES, block productive growth of 
bacteriophage lambda (Georgopoulos etal., 1973; Sternberg, 1973) 
and T4 (Georgopoulos etal., 1972; Takano and Kakefuda, 1972; Coppo 
etal., 1973; Revel etal., 1980). The block to bacteriophage 
morphogenesis is at a post-translational level of protein subunit 
assembly (Kochan and Murialdo, 1983; Kochan etal., 1984). Later 
studies revealed that the groE genes constitute an operon (Fayet et 
al., 1986; Hemmingsen etal., 1988) and are essential for E. coli 
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growth at all temperatures (Fayet et ai, 1989). The fact that 
missense mutations in groEL could be found to compensate for the 
temperature sensitivity resulting from certain groES- mutations 
indicated a functional interaction between groEL and groES proteins 
(Tilly and Georgopoulos, 1982). This conclusion was strengthened by 
the findings that the groES protein inhibits the ATPase activity of 
the groEL protein, groEL and groES copurify in glycerol gradients in 
the presence of ATP and Mg2+, and groES binds with specificity to a 
groEL-affinity column (Chandrasekhar etal., 1986). 
An understanding of groEL, and thus possibly of mitochondrial 
hsp60, function has been emerging in the past several years. Since 
the initial suggestion by Pelham (1986) that certain heat shock 
proteins prevent or disrupt inappropriate molecular interactions 
through ATP-reversibie binding to proteins at risk, numerous 
laboratories have offered evidence for a general role of groEL in the 
folding, translocation, and assembly pathways of many proteins 
(Bochkareva etal., 1988; Goloubinoff etal., 1989; Lecker etal., 
1989; Van Dyk etal., 1989). GroEL and hsp60 thus belong to a class 
of cellular factors termed molecular chaperones (Ellis, 1987), 
whose members are endowed with the ability to recognize and bind 
unfolded proteins without being consumed while participating in 
translocation, establishment of tertiary structure, or formation of 
oligomers (For review, see Rothman, 1989.). 
Hsp70, a better studied molecular chaperone, is required for 
translocation of proteins across membranes (Chirico etal., 1988; 
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Deshaies et al., 1988). Members of this stress protein family likely 
fulfill the role of molecular chaperone by providing an ATP-driven 
'unfoldase' activity. Consistent with this notion, at least some 
members of this family (Welch and Feramisco, 1985) and the E. coli 
homolog, dnaK (Zylicz et ai, 1983), exhibit ATPase activity. 
Furthermore, both ATP hydrolysis (Pfanner and Neupert, 1986; Chen 
and Douglas, 1987; Eilers et at., 1987) and an unfolded 
conformational state (Eilers and Schatz, 1986) are required for 
mitochondrial membrane translocation. 
Mitochondrial biogenesis is dependent upon the proper 
assembly of components synthesized both in the cytoplasm and the 
mitochondrion (for reviews, see Tzagoloff and Myers, 1986; Attardi 
and Schatz, 1988). Given that groEL and hsp60 are highly conserved 
in nature (McMullin and Hallberg, 1988; Hemmingsen et ai, 1988) and 
that several members of this stress protein family have been shown 
to possess intrinsic ATPase activity (Hendrix, 1979; Pushkin et ai, 
1982; Picketts et al., 1989), hsp60 may carry out important 
chaperone function within the mitochondrion. We are especially 
interested in what role, if any, hsp60 may play in macromolecular 
assembly within this organelle. In order to carry out genetic, 
biochemical, and molecular analyses of hsp60 in a eucaryotic system 
amenable to such studies, we sought to isolate the HSP60 gene(s) 
from S. cerevisiae. 
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MATERIALS AND METHODS 
Screening of ^gt11 Yeast Genomic DNA Library 
A X,gt11 yeast genomic DNA library was screened by 
modification of tlie Young and Davis method (1983). Bacterial host 
strain Y1090 was grown overnight in NZCYM (1% NZ amine, 0.5% NaCI, 
0.5% yeast extract, 0.1% casamino acids, 0.2% MgS04 7H2O, pH 7.5) 
containing 0.2% maltose. Y1090 cells were infected with Xgtll 
phage representing 4 X 10^ plaque forming units per plate, and 
incubated at 37°C for 20 minutes. NZCYM soft agarose was added, 
and the mixture poured onto solid agar in 150-mm petri dishes. 
Plates were incubated at 42°C until plaques became visible. 
Nitrocellulose hybridization membranes (0.45 p.; Micron Separations, 
Inc.) that were previously imbued with 10 mM IPTG (isopropyl p-D-
thioglucopyranoside) and dried were then placed onto the soft 
agarose overlay. Plates were incubated an additional 4 h at 37®C. 
The membranes were removed, rinsed in TBS (150 mM NaCI, 10 mM 
Tris chloride, pH 7.4) at room temperature for 10 min, and blocked 
2 h in TBS containing 3% BSA (bovine serum albumin) and 10% normal 
goat serum. Following two 20 min washes in TBS, membranes were 
incubated at 37°C overnight with rabbit antiserum against purified 
T. thermophila hsp60 (McMullin and Hallberg, 1987) diluted 1:1000 in 
TBS containing 10% blocking solution. The membranes were washed 
6X in TBS for 5 min each wash, and then incubated with horseradish 
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peroxidase-conjugated anti-rabbit IgG diluted 1:3000 In TBS plus 
10% normal goat serum for 2 h at room temperature. Protein 
reactive with anti-hsp60 was detected exactly as described by 
Hawkes et ai (1982). 
Preparation of ^gt11 DNA 
Lambda gtll DNA was prepared using a modified procedure of 
Grossberger (1987). Purified plaques were placed into small sterile 
test tubes containing 0.3 ml of adsorption buffer (10 mM MgCl2, 10 
mM CaCl2) and 0.2 ml of an exponential culture of Y1090 grown in LB 
medium (1% tryptone, 0.5% yeast extract, 1% NaCI) plus 0.4% 
maltose. The mixture was incubated 10 min at 37®C, and then 10 ml 
of LB containing 0.1% glucose and 10 mM MgCl2 was added. 
Incubation at 37°C continued with shaking overnight. Following 
addition of 50 ^il chloroform, lysed cultures were centrifuged 10 min 
at 2,000 rpm. Supernatants were collected, centrifuged 10 min at 
10,000 rpm, and then pooled and titered. To destroy host cell 
nucleic acids, 15 ^il of 5 mg/ml DNasel and 40 p.1 of 10 mg/ml RNase 
A were added. Following incubation at 37°C for 1 h, phage were 
pelleted by centrifugation at 27,000 rpm for 2 h in swinging bucket 
rotor. Phage pellets were combined by resuspension in a total of 
200 ^il of adsorption buffer. Phage were disrupted and DNA purified 
by addition of 200 |il of 1 mg/ml proteinase K in adsorption buffer 
and incubation at 37°C for 2 h, followed by 3 phenol extractions, one 
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phenol/chloroform (1:1) extraction, and 2 chloroform extractions. 
The aqueous phase was then extracted with ether, and the phage DNA 
precipitated by addition of an equal volume of-ammonium acetate 
and 3 volumes of 95% ethanol. The precipitate was centrifuged and 
the DNA pellet resuspended in 100 nl of TE (10 mM Tris HCI, pH 8.0, 1 
mM EDTA). 
Construction of Subgenomic Library 
Chromosomal DNA was prepared from yeast strain aW303, 
digested with EcoRI, and electrophoresed in a 1% agarose-TBE (89 
mM Tris-borate, 89 mM boric acid, 2 mM EDTA) preparative gel. 
Adjacent strips of agarose containing DNA fragments approximately 
the size (5.3 kb) of a band of similarly digested DNA previously 
found by DNA blot analysis (Southern, 1975) to hybridize to a 
radiolabeled DNA restriction fragment of interest were excised. An 
additional strip containing fragments well below this size was also 
included as a negative control. The agarose strips were placed into 
dialysis tubing and DNA recovered by electroelution at 800 volts for 
5 min in 0.1 X TBE. DNA was purified by addition of 1/20 volume of 1 
M Tris-HCI, pH 8.0, 2 phenol extractions and 3 ether extractions, and 
then precipitated with 1/20 volume of 5 M NaCI and 3 volumes of 
ethanol. The DNA pellets were rinsed twice with 80% ethanol, dried 
briefly by centrifugation under vacuum, and resuspended in 10 ^il TE. 
Aliquots of these fractions of differently sized DNA were separated 
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by electrophoresis in a 1% agarose-TBE gel, transferred to nylon 
membrane, and probed with radiolabeled kgtll insert DNA. Sample 
DNA demonstrating the greatest degree of hybridization was then 
ligated to the phagemid vector pUC118 (Viera and Messing, 1987) 
digested with EcoRI, and the ligation mixture used to transform 
bacterial strain TG-1 made competent by treatment with CaCl2 
(Cohen et al., 1972; Dagert and Ehrlich, 1974). 
Colony Hybridization 
The procedure used was a modification of the procedure of 
Gruenstein and Hogness (1975). TG-1 cells transformed with 
pUCIIB vectors harboring aW303 subgenomic inserts were picked to 
fresh LB-ampicillin plates in duplicate to previously marked, 
corresponding positions. Plates were incubated at 37°C overnight. 
The following day, Whatman #541 filter paper (Whatman LabSales 
Inc., Hillsboro, Oregon) was placed onto one of the replicas, and 
allowed to stand 10 min. The orientation of the filter was marked, 
the filters removed, and soaked in 200 ml of 0.5 N NaOH for 15 min 
with gentle shaking to lyse cells. DNA on the filters was 
neutralized by soaking 3 times for 10 min each in 200 ml of 1 M 
Tris-HCI, pH 8.0, plus 3 M NaCI. Filters were blotted with 
chromatography paper and baked at 80°C for 1 h. Filters were 
saturated with 6X SSC (IX SSC; 0.3 M NaCI, 0.03 M sodium citrate, 
pH 7.0) and placed into a sealable plastic bag with 5.0 ml 
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hybridization solution (6X SSC, 1% N-lauroylsarcosine, and 50 ^ig/tnl 
salmon sperm DNA as carrier) containing heat-denatured, 
radiolabeled 3.0 kb EcoRI insert. Hybridization proceeded overnight 
at 65°C. Filters were washed twice in 2X SSC plus 0.1% SDS for 15 
min each wash, and then twice in 5mM Tris-HCI, pH 8.0, for 5 min 
each. After blotting and air-drying, filters were exposed to X-ray 
film. Colonies associated with replicas giving rise to the strongest 
hybridization signals were picked to fresh LB plates for further 
study. 
Construction of Nested Deletion Derivatives for Sequence Analysis 
The stategy used to generate successively smaller DNA 
templates for DNA sequencing was patterned after the method of 
Henikoff (1984), employing Sa/31 (Lau and Gray, 1979) instead of 
exonuclease III. Because Bal3^ possesses nonspecific bidirectional 
exonucleolytic activity, unlike Exolll from which certain restriction 
sites are protected, EcoRI restriction fragments of yeast DNA were 
first cloned into YEp356 (Myers et al., 1986). This plasmid contains 
sufficient dispensable DNA sequence adjacent to the 3' aspect of the 
pUC polycloning site to allow recircularization and transformation 
after moderate nucleolytic digestion. Restriction mapping was 
utilized to identify recombinant molecules differing only with 
respect to orientation of the given insert. Such oppositely oriented 
clones were purified by CsCI density gradient equilibration and then 
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treated identically in separate reactions. DNA was linearized by 
digestion witfi HindWl and gel-purified. Five microliters of 0.5 |ig/p.l 
linearized DNA was added to 21 ^il of 2X Ba/31 buffer (100 mM Tris-
HCI, pH 7.5, 20 mM CaClz, 20 mM MgCIa, 1.2 M NaCI) and 11 nl of 
distilled H2O (dH20). The mixture was equilibrated to 30®C and a 
2 |il aliquot (0 min time point) was removed for later analysis by gel 
electrophoresis. Five microliters of Ba/31 was added, and 10 |il 
aliquots were removed at 5, 10, 15, and 20 min and placed into ice-
cold test tubes each containing 1 \l\ of 200 mM EGTA. The extent of 
DNA deletion was analyzed by digesting 2 ^il of sample from each 
time point with EcoRI, electrophoresing in a 1% agarose-TBE gel, and 
estimating the sizes of insert DNA. 
To restore a restriction site of the polycloning region 
destroyed by Bal31 treatment (the unique Hind\\\ recognition site 
delimits the end of the pUC polycloning region opposite to that of 
EcoRI) and allow cloning of deleted DNA, Hind\\\ linkers were ligated 
to the variously deleted insert DNA. Samples were processed for 
ligation to linker by first creating flush DNA ends. The remaining 
DNA was added to tubes containing 10 nl of 10X Klenow buffer (0.5 M 
Tris-HCI, pH 7.2, 0,1 M MgS04, 1 mM dithiothreitol, 500 mg/ml BSA), 
1 nl of a 5 mM solution containing each of the four dATPs (5 nmoles 
each), and 79 p.1 dHgO. After heating the mixture at 65°C for 10 min 
to inactivate Ba/31, 1 p.1 of DNA polymerase I Klenow fragment was 
added. The end-filling reaction was carried out at room temperature 
for 30 min and then terminated by heating at 65°C for 10 min. DNA 
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ends were dephosphorylated by adding 1 p.1 of CAP (calf intestinal 
alkaline phosphatase) and incubating at 37°C for 30 min. DNA was 
phenol extracted, precipitated, resuspended in 8 p.! dH20, and added 
to a ligation mixture containing 1 ^il of 1|ig/jil phosphorylated 
HindlW linker. After overnight ligation, the mixture was used to 
transform competent TG-1 cells. Single transformants were 
transferred to fresh LB-ampicillin plates and grown at least 8 h. 
DNA was prepared using a small-scale alkaline lysis procedure based 
on modification of the methods of Birnboim and Doly (1979) and Ish-
Horowicz and Burke (1981), and aliquots digested with EcoRl and 
HindWl. DNA samples with inserts ranging in size from full length to 
only several hundred base pairs and exhibiting differences of about 
200 bp between successive time points were digested to completion 
with EcoRI and Hind\\\ and electrophoresed in a scaled down 
agarose-TBE preparative gel. Insert DNA of each selected sample 
was gel-purified, cloned into pUC118 digested with EcoRI and 
HindlW, and sequenced. 
Preparation of Single-stranded Plasmid DNA and DNA Sequencing 
Single-stranded DNA was prepared essentially as described by 
Viera and Messing (1987) after cloning DNA of interest into pUC118. 
DNA was sequenced by the dideoxy chain termination method (Sanger 
et al., 1977) using commercial stock preparations and polymerase 
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purchased from Amersham Corp. (Arlington Heights, Illinois) or 
United States Biochemical Corp. (Cleveland, Ohio). 
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RESULTS 
A A.gt11 yeast genomic DNA library was screened using 
anti-hsp60 antiserum. Immunodetection revealed several potential 
positive clones out of about 300,000 plaques screened. A pure 
population of anti-hsp60 reactive phage was obtained upon 
rescreening one of these plaques (Fig. 1). Following plaque 
purification, phage DNA was prepared and the insert liberated by 
digestion with EcoRI. Three insert DNA restriction fragments, of 
approximately 3.0, 1.0, and 0.2 kb, were observed (data not shown). 
These EcoRI fragments were radioactively labeled with 32p and used 
to probe restriction fragments of E. coli DNA encoding the groEL and 
groES products (Fayet et ai, 1986) following separation by 
electrophoresis and Southern transfer. No hybridization between 
these yeast and E. coli DNA species was evident, even under low 
stringency conditions for hybridization and washing of filters. 
Attempts to detect hybridization in the converse experiment, using 
radiolabeled E. coligroE DNA to probe the yeast EcoRI fragments, 
also failed (data not shown). A Southern hybridization experiment 
was then performed in which Tetrahymena thermoptiila macronuclear 
DNA was digested with either Haelll or HindlW, separated by 
electrophoresis in duplicate sets of lanes, and transferred to a nylon 
membrane. The membrane was divided, and blots were probed with 
radiolabeled yeast 3.0 kb EcoRI insert or with E. coli groE DNA 
(Fig. 2). The yeast 3.0 kb EcoRI fragment and E. coli DNA probe 
Fig. 1 Immunodetection of a pure population of phage containin 
protein reactive with anti-hsp60 antiserum 
The lambda expression library kgt11 used in this study 
consists of phage vector with yeast genomic fragments inserted 
into the EcoR\ site near the end of the lacZ gene. DNA inserts that 
consist of coding sequence in frame with the lacZ coding sequence 
are expressed in phage-infected cells as fusion proteins. Positive 
plaques were identified by their ability to react with anti-hsp60 
antiserum (McMullin and Hallberg, 1987) following adsorption of 
proteins to nitrocellulose filters. One such positive plaque was 
then rescreened. All subsequent plaques gave rise to the kind of 
positive signals seen on the filter. 

Fig. 2 The yeast 3.0 EcoRI fragment and E. coli groE show similar 
hybridization to restriction digested Tetrahymena 
thermophila macronuclear DNA 
Tetrahymena DNA was digested with either Haelll (lane a) or 
Hind\\\ (lane b), separated electrophorectically in duplicate lanes, 
and transferred to a nylon membrane. The filter was sectioned, and 
each half probed with gel-purified, radiolabeled groE or 3.0 kb EcoRI 
yeast fragment. 
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Fig. 3 The yeast 3.0 kb EcoRI fragment recognizes a heat-inducible 
messenger RNA in yeast 
Total RNA samples extracted from cells grown at 30°C 
continuously (lane a) or shifted to 40°C for 30 min (lane b) or 60 
min (lane c) were electrophoresed, and transferred to a nylon 
membrane. The filter was then probed with the radiolabeled 3.0 kb 
EcoRI fragment. Approximate sizes in kilobases are indicated. 
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hybridize in common to several Tetrahymena DHA restriction 
fragments, suggesting that the yeast and E. coli probes are 
homologous. 
Northern blot analysis was then carried out to determine 
whether the yeast 3.0 kb EcoRI fragment recognizes an appropriately 
sized, heat-inducible messenger RNA in yeast. Total cellular RNA 
was extracted from yeast grown continuously at 30°C or shifted to 
40°C for 30 or 60 min. Following separation by electrophoresis and 
transfer to a nylon membrane, the RNA was probed with the 
radiolabeled 3.0 kb EcoRI fragment (Fig. 3). The probe hybridized to 
heat-inducible mRNA of about 1.9 kb, commensurate with the 
expected size of an RNA to specify a 60 kDa product. 
To obtain segments of the 3.0 kb EcoRI fragment for use as 
probes in a more detailed RNA blotting analysis, restriction enzyme 
mapping of this fragment was performed. Digestion with Pst\ 
yielded restriction fragments of approximately 2.5 and 0.5 kb. These 
fragments were radioloabeled and used to probe total cellular RNA 
from yeast as above. The 0.5 EcoR\-Pst\ fragment hybridized to an 
mRNA of about 1.9 kb (data not shown; in a subsequent experiment 
the 2.5 kb fragment was also found to hybridize to heat-inducible 
yeast messenger RNA of about 1.9 kb). The 0.5 kb restriction 
fragment was then cloned into pUC119 and sequenced. An open 
reading frame homologous to the groEL gene of E. coli (Hemmingsen 
etal., 1988) was found. The nucleotide sequences were 
approximately 50% identical within this region. The open reading 
Fig. 4 Open reading frame within the 3.0 kb EcoRI fragment is 
homologous to E. coli groEL but does not constitute part of a 
fusion gene with lacZ 
A) Sequence analysis of the inclusive 0.5 kb EcoR\'Pst\ 
fragment revealed an open reading frame that is homologous to 
groEL. The expected lacZ-hsp60 fusion gene is shown in A1, while 
the actual orientation of the hsp60 clone obtained is shown in A2. 
E=EcoRI; P=Ps/l. Arrows indicate direction of transcription. 
B) The deduced amino acid sequence of this open reading 
frame along with that of the related groEL region. 
A. 
< lacZ 
1) c 2.5 0 5 
E P E 
—!acZ HSP60 • ^  
2)r 2.5 
B. 
EcoRI 
hspeo 
. .GYDASKSEYTDMLATGIIDPFKWRSGLVDASGVASLLATTEVAIVDAPEPPAAAGAGGMPGGMPG 
, . .GYNAATEEYGNMIDMGILDPTKVTRSALQYAASVAGIiMITTECMVTDLPKNDAADLGAAGGMGGMGGM 
groEL 
Fig. 5 The 3.0 kb EcoRI probe hybridizes to a single, overlapping 
5.3 kb EcoRI fragment 
Yeast chromosomal DNA was prepared from strain aW303, 
digested with EcoRI, HindlW, or BamH\, and transferred to a nylon 
membrane (lanes 1-3, respectively). The filter was probed with the 
radiolabeled 3.0 kb EcoRI fragment, which hybridized to an EcoRI 
fragment of approximately 5.3 kb. 
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Fig. 6 Size-fractionated DNA used to construct a plasmid library 
hybridizes to the 3.0 kb EcoRI fragment 
Yeast (aW303) chromosomal DNA was digested with EcoRI and 
electrophoresed in a preparative 1% agarose-TBE gel. Sections of 
the gel were excised, and the DNA recovered by electroelution. 
Aliquots of these fractions of differently sized DNAs were 
electrophoresed in a 1% agarose gel (lanes 1-4) and then stained 
with ethidium bromide (A) or transferred to nylon membrane and 
probed with the radiolabeled 3.0 kb EcoRI fragment (B). Gel-
purified DNA shown in lane 2 was ligated to pUC118 digested with 
EcoRI. Molecular weight size standard on either side of the DNA 
fractions is "K DNA digested with HindWl and (|)X174 DNA digested 
with Hae\\\. 
^ J f , 
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frame continued, 5' to 3', througfi the EcoRI restriction site (Fig. 4). 
This site represents an EcoRI linker added to randomly sheared yeast 
genomic DNA during the construction of the Xgt11 library, and not an 
in situ EcoRI restriction site at the coding sequence terminus. The 
3.0 kb EcoRI fragment, therefore, contains a truncated putative 
HSP60 gene. The cloned HSP60 coding sequence is opposite in 
orientation to the direction of the reading frame of /acZ; the 
antiserum thus did not recognize an epitope of a lacZ-hsp60 fusion 
product, but instead that of a truncated hsp60 product whose 
expression was directed by the yeast transcriptional promoter. 
In order to obtain a genomic fragment with the entire HSP60 
coding sequence, the 3.0 kb EcoRI fragment was used as a 
hybridization probe to isolate an overlapping restriction fragment. 
Yeast chromosomal DNA was digested with several restriction 
enzymes, separated by gel electrophoresis, and transferred to a 
nitrocellulose membrane. Southern blotting analysis revealed that 
the 3.0 kb EcoRI probe hybridized to a single, 5.3 kb EcoRI fragment 
(Fig. 5). To clone this fragment, a subgenomic library consisting of 
chromosomal EcoRI fragments of about 5.0 kb inserted into pUC118 
was constructed (Fig. 6). Library DNA was used to transform 
competent TG-1 cells; transformants were then screened for the 
presence of the 5.3 kb EcoRI insert by colony hybridization, using the 
3.0 kb EcoRI fragment as a probe. Plasmid DNA was prepared from a 
colony which showed strong hybridization to this probe and was used 
in later manipulations and analyses. 
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DISCUSSION 
Based on the results of the DNA and RNA blotting experiments 
and sequence analysis, we conclude that the yeast DNA obtained 
from the X,gt11 screening contains much of the gene coding for 
hsp60. The sequence of the truncated carboxy terminal region is 
approximately 50 per cent homologous to the recently published 
sequences of groEL and RBP (Hemmingsen etal., 1988). The fact that 
the 3.0 kb EcoRI restriction fragment from A,gt11 and the E. coli groE 
DNA did not hybridize is not surprising, given that in practice genes 
that are 60-70% identical at the amino acid level often do not 
hybridize under the same low stringency conditions used in the 
present study. Hybridization of Tetrahymena DNA to both groEL and 
the 3.0 kb EcoRI fragment was, therefore, fortunate. Greater 
disparity at the nucleotide level is primarily due to variation at the 
third position of the codon. The results of the low stringency 
Southern blotting experiments also suggested that HSP60 is present 
in yeast as a single copy gene and is without close relatives, or, 
cognates. This conclusion is supported by the results of 1) the gene 
disruption experiment presented in Section II, where replacement of 
part of HSP60 led to lethality at both normal temperature and 
elevated temperature, and 2) an experiment in which no hsp60 or 
cognates were revealed by immunodetection when HSP60 was placed 
under the control of the GAL10 promoter and cells were grown in 
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glucose-rich medium, which inhibits transcription from this 
promoter (data not shown). 
Although the yeast HSP60 gene was not isolated as an expected 
lacZ fusion gene, numerous cases of genes cloned into Xgt11 yet 
utilizing their own promoter have been reported, both for 
procaryotic (Thole et ai, 1985; Mehra et al., 1986; Shinnick, 1987) 
and eucaryotic (Antonucci eta!., 1989) species. Isolation of the 
yeast gene HSP60 will allow genetic, biochemical, and molecular 
study aimed at understanding the role of a molecular chaperone in 
folding or assembly processes within mitochondria. 
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SECTION II. CHARACTERIZATION OF THE YEAST HSP60 GENE CODING 
FOR A MITOCHONDRIAL ASSEMBLY FACTOR^ 
1 Published in Nature 337:655-659. 
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ABSTRACT 
The hsp60 protein isolated from the protozoan Tetrahymena 
thermophila is induced in response to heat stress and is a member of 
an immunologically conserved family represented in Escherichia coli 
and in mitochondria of plants and animals (McMullin and Hallberg, 
1987; McMullin and Hallberg, 1988). We report here the cloning and 
characterization of a nuclear gene, HSP60, which codes for the 
hsp60 homologue from the yeast Saccharomyces cerevisiae. 
Nucleotide sequence analysis revealed that yeast hsp60 is related to 
the groEL protein of E. coli (Georgopoulos etal., 1973; Sternberg, 
1973; Kochan and Murialdo, 1983; Zweig and Cummings, 1973) and 
the RUBISCO-binding protein (RBP) of chloroplasts (Hemmingsen et 
al., 1988). HSP60 was found to be the genetic locus of the 
conditional-lethal mutation described by Cheng etal. (1989), which 
at nonpermissive temperature is defective in the assembly of 
several different multisubunit complexes in mitochondria. These 
data are consistent with the hypothesis that the groEL-related 
proteins serve an evolutionarily conserved function as accessory 
factors facilitating the folding and/or association of individual 
subunits of multimeric protein complexes (Hemmingsen etal., 1988; 
Georgopoulos etal., 1983; Barraclough and Ellis, 1980; Ellis and van 
der Vies, 1988; Milos and Roy, 1984; Cannon etal., 1986; Ellis, 
1988). 
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METHODS 
A library of yeast genomic DNA fragments in X,gt11 (Young and 
Davis, 1983) was screened with a polyclonal antiserum reactive 
with hsp60 (McMullin and Hallberg, 1987). From 300,000 library 
recombinants screened, a single positive plaque was isolated which 
upon repurification gave only positive clones. The positive 
recombinant contained three EcoRI fragments within the \ arms, one 
of which hybridized to a heat-shock-inducible mRNA. This 3.0-kb 
fragment is depicted in 1a. Nucleotide sequence analysis of the ends 
of the 3.0-kb fragment revealed an open reading frame homologous 
to groEL which continued through the site marked E* in the 5'-3' 
direction. Therefore, we used the 3.0-kb fragment as a hybridization 
probe to isolate an overlapping genomic fragment containing the 
entire HSP60 gene. Southern hybridization analysis showed that the 
3.0-kb fragment isolated from Xgtll was derived from a genomic 
EcoRI fragment of about 5 kb. A library of EcoRI fragments with a 
size of about 5 kb was prepared in the 'phagemid' vector pUC118 
(Viera and Messing, 1987) and screened with the 3.0-kb EcoRI 
fragment. Several positive clones contained the 5.3-kb EcoRI 
fragment shown in lb. Nucleotide sequence analysis (Fig. 3 below) 
revealed the location of HSP60. To construct hsp60::HIS3 the 3.0-kb 
EcoRI fragment in a was cloned into the plasmid vector YEp352E, a 
derivative of YEp352 from which the PvuW fragment containing the 
partial lac operon and multiple cloning site was removed and 
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replaced with an EcoR\ linker. The recombinant plasmid was 
linearized at the unique Pst\ site within HSP60 and ligated to a 
1.15-kb fragment of yeast DNA containing the wild-type HIS3 gene 
(Struhl, 1985). One of the Pst\ sites delimiting this fragment is 
located downstream of the HIS3 coding region (Struhl, 1985), 
whereas the other Pst\ site is derived from the pUC18 multiple 
cloning site. The linear EcoRI fragment shown in c was excised from 
YEp352E and used to transform the his3-/his3- diploid a/aW303 to 
histidine independence (Hinnen et ai, 1978). Southern hybridization 
analysis of chromosomal DNA verified that the His+ transformants 
had integrated the disrupted allele at the homologous site in one 
chromosome, and were of the genetic constitution 
HSP60/hsp60::HIS3 (data not shown). 
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RESULTS AND DISCUSSION 
Polyclonal antiserum raised against purified T. thermophila 
hsp60 (McMullin and Hall berg, 1987) was used to Isolate a segment 
of the yeast HSP60 gene by screening an expression library of 
genomic DNA fragments ligated into the X-phage vector X,gt11 (Young 
and Davis, 1983). Analysis of a 3.0 kilobase (kb) yeast DNA fragment 
present in one positive clone revealed an open reading frame coding 
for a protein homologous to both groEL and RBP. We used this DNA as 
a hybridization probe to isolate an overlapping segment of yeast 
genome which contained the entire HSP60 coding sequence (Fig. 1). 
The sequence of a 1.8-kb region containing HSP60 is presented 
in Fig. 3, along with the derived amino-acid sequence. The HSP60 
gene codes for a polypeptide of 572 amino acids (relative molecular 
mass (Mr) 60,830) which is similar to both groEL and RBP (Fig. 4). 
Based on our previous finding that the hspSO family of proteins is 
structurally and immunologically similar to groEL (McMullin and 
Hallberg, 1988), we have defined this open reading frame as the 
yeast HSPSO gene. Northern hybridization analyses showed that 
HSPSO is transcribed into a mRNA about 1.9 kb, commensurate with 
the estimated 64,000 (64K) Mr of hsp60 (Fig. 2). This mRNA is 
induced 2-3-fold above basal levels when cells are heat-stressed 
(Fig. 2), in agreement with the heat-shock inducibility of hsp60 
(McMullin and Hallberg, 1987; McMullin and Hallberg, 1988). 
Fig. 1 Restriction maps of HSP60 and hsp::HIS3 
a) The dotted line indicates the region of yeast genomic DNA 
isolated from a ^gt11 clone which reacts with polyclonal antiserum 
raised against hsp60 purified from Tetrahymena (McMullin and 
Hallberg, 1987). The EcoRI site designated E* was inserted as a 
linker during construction of the library. 
b) Restriction map of the genomic DNA fragment containing 
the region depicted in a. The black bar indicates the coding region 
of HSP60 as determined by nucleotide sequence analysis, with the 
direction of transcription Indicated by the arrow. Plasmid 
YEpHSPSO is comprised of this 5.3-kb EcoRI fragment cloned in the 
2\i circle-based shuttle vector YEp352 (Hill et al., 1986). 
c) Restriction map of the null allele hsp60"HIS3. Black bars 
indicate the coding regions of HSP60, and dotted lines indicate a 
H/S3 containing fragment which interrupts HSP60 by insertion at 
the Pst\ site. The positions of restriction enzyme recognition sites 
are indicated for EcoRI (E), Bcl\ (C), Pst\ (P), Sal\ (S) and BamHI (B). 
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Increasing the copy number of HSP60 by transformation with the 
multicopy plasmid YEpHSP60 (Fig. 1) results in higher concentration 
of immunoreactive material in mitochondria (Fig. 2), providing 
further evidence for the identity of this gene. 
Comparison of the HSP60 and groEL products reveals 54 per 
cent amino-acid identity, given five small insertion/deletions, 
whereas comparison with RBP reveals 43 per cent identity including 
four insertion/deletions (Fig. 4). Regions of similarity are 
distributed evenly throughout the lengths of the proteins; one 
exception occurs at the carboxy terminus, where the repeated 
Gly-Gly-Met motif is conserved in both hsp60 and groEL, but not in 
RBP. Hsp60 contains an amino-terminal extension of about 22 amino 
acids which is not represented in two other members of this gene 
family. This sequence is characteristic of most mitochondrial 
targeting peptides (Attardi and Schatz, 1988) in that it contains 
five basic and no acidic residues, and contains a total of six 
hydroxylated residues. The presence of this targeting sequence is 
consistent with the mitochondrial location of hspSO (McMullin and 
Hallberg, 1987; McMullin and Hallberg, 1988). Nucleotide sequence 
analysis also revealed putative TATA boxes approximately 45 and 
120 base pairs upstream of the translational start site. In addition, 
a match to the heat shock element consensus sequence, TTCNNGAAN-
NTTCNNGAA (Amin et ai, 1988), occurs at 208 base pairs upstream 
of the translational start site. 
Fig. 2 Immunoblot and Northern analyses of cells containing single 
or multiple copies of HSP60 
a) Haploid strain aW303 (lanes 1, 3) or the same strain 
transformed with YEpHSP60 (lanes 2, 4) were grown to mid-log 
phase at 30°C. Sixty micrograms of total protein extracts (Hurd et 
al., 1987; lanes 1, 2) or purified mitochondria (Faye et ai, 1974; 
lanes 3, 4) were run in duplicate SDS-polyacrylamide gels. Proteins 
in one gel were stained with Coomassie blue, whereas those in the 
second gel were transferred to nitrocellulose paper and probed with 
hspGO-reactive antiserum as previously described (McMullin and 
Hallberg, 1987). Raising the copy number of HSP60 by including the 
gene on a multi-copy plasmid increases the cellular level of hspGO-
specific immunoreactive protein. Relative molecular mass 
standards included on the stained gel (not shown) showed the 
immunoreactive material to be of Mr 64K, in agreement with our 
previous analyses (McMullin and Hallberg, 1987; McMullin and 
Hallberg, 1988). Thus, there is a discrepancy between the apparent 
Mr of hspSO determined by polyacrylamide gel electrophoresis and 
the value predicted by the nucleotide sequence of the gene (61K 
including the putative mitochondrial targeting peptide). 
b) Steady state levels of HSP60 mRNA in normal and heat-
stressed conditions. Strain aW303 (lanes 1, 3) or the same strain 
transformed with YEpHSPSO (lanes 2, 4) were grown to mid-log 
phase at 25®C. The cultures were then divided and grown for a 
further 2 hours either at 25°C (lanes 1, 2) or 39°C (lanes 3, 4). 
Total nucleic acids were extracted (Lindquist, 1981), denatured 
with glyoxal (McMaster and Carmichael, 1977), and separated by 
agarose gel electrophoresis. Nucleic acids were transferred to 
nitrocellulose filters and analyzed by Northern blotting, using the 
3.0-kb fragment shown in Fig. la as a radiolabelled probe. The 
probe hybridizes to a single RNA band of 1.9 kb (RNA relative-
molecular mass standards not shown). The concentration of this 
mRNA is two to three times higher in the heat-shocked cells than in 
the nonstressed control. Raising the copy number of HSP60 
increases the steady-state level of the 1.9-kb mRNA at 25°C, and 
heat-shock induction is again observed. The high Mr band seen in 
lanes 2 and 4 is due to hybridization of the probe to DNA. 
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One-step gene disruption (Rothstein, 1983) was used to 
construct an allele of HSP60 which is inactive because of insertion 
of the HIS3 gene (Fig. 1). The diploid strain a/aW303 HSP60 was 
constructed with one wild-type allele and one null allele designated 
hspeOv.HISZ. This strain is homozygous his3-, so the wild-type and 
null alleles of HSP60 can be scored by histidine auxotrophy and 
prototrophy, respectively. Following dissection of tetrads derived 
from a/aW303 HSP60, only two of the four meiotic products from 
each ascus formed colonies on nonselective medium; replica plating 
revealed that all surviving progeny required histidine and thus had 
received the wild-type allele. Because no haploid cells containing 
hsp60:\HIS3 form colonies, we conclude that HSP60 is essential for 
cell viability in yeast. Cells were grown at 30°C, thus the 
requirement for HSP60 Is not limited to conditions of heat stress. 
Cheng et al. (1989) have described a conditional-lethal 
mutation of yeast, ts143, which at nonpermissive temperature 
prevents assembly of multimeric enzymes within mitochondria. To 
determine whether this assembly defect was due to alteration of 
hsp60 we tested for allelism between ts143 and hsp60::HIS3. 
Complementation of the two mutations was assayed directly in 
diploids as follows. The ura3-/ura3- diploid a/aW303 HSP60 was 
transformed with YEpHSPSO; in subsequent manipulations the 
presence of extrachromosomal HSP60 is marked by the URA3 gene of 
the plasmid. Tetrad dissection gave haploids containing either 
functional HSP60 or the null allele hsp60::HIS3, along with 
Fig. 3 Nucleotide sequence of the S. cerevisiae gene HSP60 
The predicted amino-acid sequence of the hsp60 protein is 
indicated. The locations of Bcl\, Pst\, and Sa/I recognition sites are 
indicated for reference to Fig. 1. Methods. The primary source of 
DNA for sequence analysis was the 5.3-kb EcoRI fragment shown in 
Fig. 1. Segments of this fragment were subcloned into pUC118 or 
pUC119 and sequenced by the chain-termination method (Sanger et 
al., 1977). Subfragments for sequence analysis were generated by 
exonucleolytic digestion with Bal3^ and recloned into pUC vectors. 
The sequences of both DNA strands were determined, and all 
restriction sites used for subcloning were crossed. 
»cll 
.410 5* - TGATCAACIA 
-400 aUUXnVMCACTACTTCTCCAAACAACTACACTTCAAATrCCACCCACTTATGTCTCATCCCTATTCCACIUl 111 IblACGTATACAATGCTCnACC 
-300 ACCATraUUXmnrnnOXnCCTATrACCTCTCCAAACITACTTTATACCCCCCCATCICTATATCTCATCATATACCGACCTTCTCCAATTnCCA 
•200 CAAAACCAAATCCCCAOCCTCACTTTAAI11 IbCl 1U.111 IblCOOCMCACAATCCACACOCACATKATCTATATATATTCAACCAGACTAACTTTT 
-100 ACATTCATTATGTAACCTCCTCCTTCOCTCTTCATCCACtTCCTTCAATAATATAACAAAATTCCCAOCACAAAACATCATAACCAAAAAACTTTTCAAA 
•1 ATG TTC ACA 
ftat Uu Arg 
TCA TCC GTT GTT 
Sar Sar Val Val 
CCT ACT 
Arg Sar 
COG CCT 
Arg Ala 
ACT 
Thr 
TTA 
Lau 
AOC 
Arg 
CCT 
Pro 
TTA 
Uu 
TTC 
Lau 
CCT 
Arg 
CCT 
Arg 
CCT 
Ala 
TAC 
Tyr 
TCC 
Sar 
TCT 
Sar 
CAT 
Hia 
AAA 
Lya 
+76 GAA TTC AAA 
Clu Lau Lyt 
TTC OCT GTA GAA 
Pha Cly Val Glu 
OCA AGA 
Gly Arg 
GCC TCC 
Ala Sar 
CTT 
Lau 
CTT 
Lau 
AAC 
Lya 
OCT 
Gly 
GTC 
Val 
CAA 
Clu 
ACT 
Thr 
TTA 
Lau 
CCT 
Ala 
CAA 
Clu 
GCC 
Ala 
CTT 
Val 
CCT 
Ala 
CCT 
Ala 
+151 ACT TTC CCT 
Thr Lau Cly 
CCA AAC OCT ACA 
Pro Lya Cly Arg 
AAC CTT 
Aan Val 
TTA ATC 
Lau Xla 
GAA 
Clu 
CAC 
Gin 
CCT 
Pro 
TTC 
Pha 
OCT 
Cly 
CCT 
Pro 
CCA 
Pro 
AAC 
Ly. 
ATT 
11a 
ACT 
Thr 
AAC 
Lys 
CAT 
Aap 
CCT 
Cly 
CTT 
Val 
+226 ACA CTT GCC 
Thr Val Ala 
AAA TCT ATT CTO 
Lya Sar Xla Val 
TTC AAC 
Lau Lya 
CAC AAC 
Aap Lya 
TIT 
Pha 
GAA 
Clu 
AAT 
Aan 
ATC 
Mac 
OCT 
Gly 
GCC 
Ala 
AAC 
Lya 
TTA 
Lau 
CTA 
Lau 
CAA 
Gin 
CAA 
Clu 
CTT 
Val 
GCC 
Ala 
TCC 
Sar 
+301 AAA ACC AAT 
Lya Thr Aan 
GAG CCT CCT CCT 
Glu Ala Ala Gly 
CAC OCT 
Aap Cly 
ACT ACT 
Thr Thr 
TCT 
Sar 
GCT 
Ala 
ACT 
Thr 
CTT 
Val 
TTA 
Lau 
OCT 
Gly 
ACA 
Arg 
GCC 
Aim 
ATC 
Xla 
TTC 
Pha 
ACA 
Thr 
GAA 
Clu 
TCC 
Sar 
CTC 
Val 
+376 AAA AAT GTC 
Lya Aan Val 
GCC OCT OCT TCT 
Ala Ala Gly Cya 
AAC CCT 
Aan Pro 
ATC CAT 
Mac Aap 
TTC 
Lau 
AGA 
Arg 
AOC 
Arg 
OCT 
Oly 
TCT 
Sar 
CAA 
Gin 
CTT 
Val 
CCA 
Aim 
CTT 
Val 
CAA 
Clu 
AAA 
Lys 
GTC 
Val 
ATT 
Xla 
GAA 
Clu 
+451 TIT TTC ACC 
Pha Lau Sar 
GCC AAC AAC AAA 
Ala Aan Lya Lya 
GAA ATT 
Glu lia 
ACC ACA 
Thr Thr 
TCT 
Sar 
CAO 
Glu 
GAA 
Clu 
ATT 
Xla 
CCT 
Ala 
CAA 
Gin 
GTA 
Val 
CCA 
Aim 
ACC 
Thr 
ATT 
11a 
TCT 
Sar 
GCC 
Ala 
AAT 
Aan 
GCC 
Gly 
+526 GAG TCT CAT 
Aap Sar Mia 
CTT OCT AAC TTA 
Val Gly Lya Lau 
OTA GCT 
Lau Ala 
TCA GCT 
Sar Ala 
ATC 
Mac 
CAA 
Glu 
AAC 
Lya 
CTT 
Val 
CCA 
Cly 
AAA 
Lya 
GAA 
Clu 
OCT 
Cly 
CTC 
Val 
ATC 
11a 
ACT 
Thr 
ATC 
Xla 
ACA 
Arg 
GAA 
Clu 
+601 OCT ACA ACA 
Cly Arg Thr 
TTC GAA CAT CAA 
Lau Glu Aap Glu 
CTT CAC 
Lau Glu 
CTT ACT 
Val Thr 
GAA 
Glu 
OCT 
Oly 
ATC 
Mac 
ACC 
Arg 
TTT 
Pha 
GAT 
Asp 
OCT 
Arg 
OCT 
Cly 
TTT 
Pha 
ATT 
XU 
TCT 
Sor 
CCA 
Pro 
TAC 
ryt TTC Pha 
+676 ATC ACT GAT 
Xla Thr Aap 
CCA AAC TCG ACC 
Pro Lya Sar Sar 
AAC CTC 
Lys Val 
CAA TTT 
Glu Pha 
GAA 
Glu 
AAC 
Lya 
CCA 
Pro 
TIG 
Lau 
CTA 
Lau 
TIC 
Lau 
TTC 
Lau 
ACT 
Sor 
GAA 
Clu 
AAC 
Lya 
AAA 
Lys 
ATT 
XU 
TCT 
Sor 
TCC 
Sar 
Bell 
+751 ATT CAA CAT ATC TIC CCA 
11a Gin Aap Xla Lau Pro 
OCT 
Ala 
TTC GAA ATT 
Lau Glu Xlo 
TCC 
Sar 
AAT 
Aan 
CAA 
Ola 
ACC 
Sor 
ACA 
Arg 
ACA CCT TTC 
Arg Pro Lau 
TTC 
Lau 
ATC 
XU 
ATT 
XU 
GCT 
AU 
GAA CAT 
Glu Aap 
GTT 
Val 
+826 GAG OCT GAA CCT CTT 000 
Aap Gly Glu Ala Lau Ala 
OCC 
Ala 
TGT ATT TTO 
Cya XI# Lau 
AAC 
Asa 
AAC Vf TTA Lau AOC Arg OCT Gly CAA GTT AAO Gla Val Lys CTT Vml TCT Cya CCT AU CTC Vml AAC COG Lya AU CCT Pro 
+901 OCT TTC OCT GAT AAT AGA 
Gly Pha Gly Aap Aan Arg 
AAC 
Lya 
AAT ACA ATT 
Aan Thr Xlo 
OCT 
Cly 
GAT 
Aap 
ATT 
Xlo 
OCA 
AU 
CTC 
Val 
TTG AGO OOC 
Lau Thr Oly 
OCT 
Cly 
ACT 
Thr 
CTT 
Val 
TTT 
Pha 
ACT GAG 
Thr Glu 
GAG 
Glu 
+976 TIC GAT TIG AAA CCA GAA 
Wu Aap Lau Lya Pro Glu 
GAA 
Ola 
TOT AGG AtA 
Cya Thr Xlo 
GAA 
Glu 
AAC 
Asa 
TTG 
Lau 
OCT 
Oly 
TCI 
Sar 
TOT GAG TCT 
Cys Asp Sor 
ATT 
XU 
ACC 
Thr 
CTT 
Val 
ACT 
Thr 
AAC GAA 
Lys Glu 
CAC 
Asp 
+1051 ACC GTT ATC CTC AAC OCT 
Ihr Val lia Lau Aan Gly 
ACT 
Sar 
OCT CCA AAC 
Gly Pro 1^ 
GAA 
Glu 
OCT 
Ala 
ATT 
Xlo 
CAA 
Ola 
GAG 
Clu 
ACA ATT CAA 
Arg XU Glu 
CAA 
Gla 
ATC 
XU 
AAO OOC 
Oly 
TCC ATC 
Sar XU 
CAC 
Asp 
+1126 ATI ACC ACC ACA AAT TCA 
Xla Ihr Thr Thr Aan Sar 
TAT Tyt CAO AAC CAC Glu lys Glu AAA CTC Lau CAA Gin CAC Glu GOT Arg TTO OCC Lau AU AAA TTC Lau TOG Sar 000 Cly OCT Gly GTT CCT Vsl AU CTC Val 
+1201 ATC AOC GTC OCT OCT CCA 
Xla Arg Val Gly Gly Aim 
TCT 
Sar 
GAA GIT GAA 
Glu Val Glu 
CTT 
Val 
COT 
Cly 
GAA 
Clu 
AAO AAO 
If 
CAC OCT TAG 
Aap Arg Tyr 
GAT 
Asp 
GAT 
Aap 
OCT 
AU 
TTC 
Lau 
AAC CCT 
Asa AU 
ACC 
Thr 
+1276 ACA CCT CCA CTT GAG GAA 
Arg Ala Ala Val Glu Glu 
OCT 
Gly 
ATC TTC CCA 
Xla Lau Pro 
OCT 
Oly 
OCT 
Oly 
OCT 
Gly 
ACT 
Thr 
OCC 
AU 
TTA GTC AAC 
Lau Val Xys 
OCA 
AU 
TCT 
Sar 
ACA 
Arg 
GTT 
Vml 
TTC CAT 
Lau Asp 
GAA 
Olu 
+1351 
—ai 
CTT CTT CTC 
Val Val Val 
OL. 
CAC AAT TTC 
Aap Aan Pha 
CAT 
Aap 
CAA AAA 
Gin Lya 
TIG 
Lau 
OCT 
Gly 
CTC 
Val 
GAT 
Aap 
ATC 
Xlo 
AXA 
XU 
AGA AAO OCC 
Arg Lya AU 
ATT 
XU 
ACA 
Thr 
AGA 
Arg 
CCA 
Pro 
GCC AAC 
Ala Lys 
CAO 
Gin 
+1426 ATC ATT GAA 
Xla lia Glu 
AAC CCI OCT 
Aan Ala Gly 
CAA 
Clu 
GAA OCT TCA 
Clu Gly Sar 
GTT 
Val 
ATC 
Xla 
ATC 
Xla 
OÛC 
Cly 
AAA 
Lya 
TTO ATT GAT 
Uu Xlo Aap 
GAA 
Glu 
TAT 
ïy 
OCT 
Cly 
CAT 
Asp 
GAT TTT 
Asp Pha 
GCC 
Ala 
+1501 AAC CCT TAC 
Lya Cly Tyr 
CAT GCC TCT 
Aap Ala Sar 
AAC 
Lya 
TCA GAA TAG 
Sar Clu Tyr 
AOC 
Thr 
GAG 
Aap 
ATC 
Mac 
TTA 
Lau 
OCC 
AU 
ACT OCT ATC 
Thr Oly Xla 
ATC 
XU 
GAT 
Asp 
CCA 
Pro 
TTT 
Pha 
AAA GTC 
Lya Val 
CTT 
Val 
+1576 ACA TCC OCT 
Arg Sar Gly 
TTA CTT CAT 
Lau Val Aap 
CCT 
Ala 
TCT OCT CTT 
Sar Gly Val 
GCC 
Ala 
TCA 
Sar 
CTA 
Lau 
TTA 
Lau 
CCT 
Ala 
ACT ACC GAA 
Thr Thr Clu 
CTT 
Vml 
GCT 
Ala 
ATI 
Xla 
GTT 
Val 
CAT GCC 
Asp Ala 
CCA 
Pro 
+1651 GAA CCA CCA 
Glu Pro Pro 
CCA CCT CCT 
Ala Ala Ala 
GCC 
Oly 
OCT OCT OCT 
Ala Gly Gly 
ATG 
Mac 
CCA 
Pro 
OCT 
Cly 
OCT 
Cly 
ATG 
Mac 
CCA OCA ATC 
Pro Gly Mac 
CCA 
Pro 
OCT 
Cly 
ATC 
Mac 
ATC 
Mac 
TAA CCACCCC 
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Fig. 4 Primary sequence alignment of yeast mitochondrial hsp60 
with E. coli groEL and wheat RBP 
The predicted amino-acid sequence of the HSP60 gene product 
was aligned with predicted sequences of the groEL and RBP proteins 
(Hemmingsen et ai, 1988) using the MFALGO program (Jue etal., 
1980). Residues shared between hsp60 and either groEL or RBP are 
boxed. 
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extrachromosomal YEpHSPSO. Each type of haploid was mated to a 
strain containing ts143 and diploids were selected by 
complementation of auxotrophies. As expected, the HSP60/ts143 
diploid frequently lost YEpHSP60 during mitotic growth, and these 
uracil-requiring segregants were viable at nonpermissive 
temperature. In contrast, 100 per cent of mitotic segregants from a 
hsp60:\HIS3/ts143 diploid grown at nonpermissive temperature were 
uracil prototrophs and thus contained extrachromosomal copies of 
HSP60. Therefore, hsp60::HIS3 and ts143 do not complement one 
another and, by definition, are located in the same genetic element. 
Using a different genetic approach Cheng et ai (1989) independently 
have shown that ts143 is an allele of HSP60. 
Hsp60 is the second member of the heat-shock regulon shown 
to be required for biogenesis of mitochondrial enzymes: hsp70 
proteins were recently shown to provide an 'unfolding' function 
necessary for translocation into both mitochondria and the lumen of 
the endoplasmic reticulum (Deshaies et ai, 1988; Chirico et al., 
1988). Thus, proteins with the ability to influence higher-order 
structure of various mitochondrial polypeptides are located on both 
sides of the organelle membrane. The accumulating evidence 
suggests that such 'unfoldase/refoldase' proteins are widely 
distributed in prokaryotic and eukaryotic cells. 
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SECTION III. COMPLEX GENE REGULATION OF HSP60 
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INTRODUCTION 
Yeast mitochondrial hsp60, a homolog of E. coli groEL, is 
constitutively expressed and subject to heat shock induction 
(McMullin and Hallberg, 1988; Reading et al., 1989). The HSP60 gene 
is essential in yeast (Cheng et al., 1989; Reading et al., 1989). An 
obligatory role for hspBO in protein assembly and folding is strongly 
indicated by genetic and biochemical evidence (reviewed in Rothman, 
1989). A mutation in HSP60, mif4, results in a temperature 
sensitive phenotype (Cheng et al., 1989). When cells harboring the 
mif4 mutation are shifted to nonpermissive temperature, precursors 
to several mitochondrial enzyme subunits are properly imported and 
processed, but blocked in supramolecular assembly. This finding 
was extended using an in vitro translocation and folding assay 
(Ostermann etal., 1989). Mitochondria depleted of ATP or treated 
with an alkylating agent do not support protein folding within the 
matrix. Imported proteins become arrested in an unfolded state, in a 
high molecular weight complex with hspBO. When ATP is added to 
partially purified complexes, some incompletely folded protein still 
bound to hsp60 is evident, in addition to released and folded 
(protease-insensitive) structures. 
Thus, because hsp60 may be necessary for both the folding and 
assembly of many mitochondrial proteins, it seemed reasonable to 
assume that at least some growth conditions or genetic dispositions 
that alter given requirements for assembly may in turn influence the 
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production of hsp60. Expression of HSP60 was therefore studied 
with special reference to metabolic carbon source and state of 
mitochondrial genome. Western and Northern blotting analyses 
revealed consistently elevated levels of hsp60 in strains lacking 
mitochondrial DNA relative to isogenic wild-type cells. Effects due 
to deletion of mitochondrial DNA and heat shock were additive. In 
addition, an early release from glucose repression was observed. 
Inductions by deletion of mitochondrial DNA, carbon source, and heat 
shock were found to share the same transcription initiation site and 
to be mediated by sequence information within 400 bp of this site. 
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MATERIALS AND METHODS 
Strains and Media 
Saccharomyces cerevisiae strains D273-10B/A1 {me/6") and 
W303-11B {uraS-, /et/2-, hisS', frpl", ade2-) used in this study 
were obtained from A. Myers, Iowa State University. Cells were 
grown in YPD (1% yeast extract, 2% peptone, 2% glucose), YPGal (1% 
yeast extract, 2% peptone, 2% galactose), or synthetic medium, SM 
(0.3% yeast extract, 0.2% KH2PO4, 0.12% (NH4)2S04, 0.05% NaCI, 
0.07% MgS04, 0.04% CaCl2, with either 2 or 6% glucose), as 
described. Cells devoid of mitochondrial DNA, [rho°], were derived 
from parental strains by 3 passages of growth in YPD containing 
50 mM NaP04, pH 6.25, and 20 jig/mL ethidium bromide. 
Total Protein Preparation and Analysis 
Total proteins were extracted by briefly vortexing cell pellets 
in 1.8N sodium hydroxide plus 7.5% p-mercaptoethanol followed by 
trichloroacetic acid precipitation (Hurd eta!., 1987). Protein 
concentration was determined by the Bio-Rad protein assay system. 
Samples solubilized in SDS buffer were separated by one-
dimensional SDS-PAGE in 12% gels. Proteins were then stained with 
Coomassie brilliant blue R or transferred electrophoretically to 
nitrocellulose membranes essentially as described by Towbin et al. 
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(1979). Filters were probed with rabbit antiserum raised against 
Tetrahymena thermophila hspGO (McMullin and Hallberg, 1987), and 
incubated with [125|]protein A according to standard procedures 
(Maniatis et ai, 1982). Binding of anti-hsp60 antiserum was 
visualized by autoradiography. 
Total RNA Preparation and Analysis 
Cells were grown as indicated and total cellular RNA extracted 
after disrupting cells by agitating with glass beads as previously 
described (Lindquist, 1981). RNA was denatured using formaldehyde 
or glyoxal/DMSO, as specified, separated by electrophoresis in 1.0% 
agarose gels, and either stained with ethidium bromide or 
transferred to nylon membranes and probed with 32p.|abeled HSP60 
by the random primers method (Boehringer Mannheim). Hybridization 
was performed according to standard procedures (Maniatis et ai, 
1982). 
HSP60-lacZ Fusion Gene Construction and p-galactosidase Assay 
A BglW recognition site was introduced at codon 3 of HSP60 by 
oligonucleotide-directed in vitro mutagenesis. Either 400 or 1300 
base pairs (bp) of native 5' HSP60 flanking region extending to this 
codon was inserted into Ylp356, an integrative vector containing a 
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promoterless copy of lacZ (Myers et al., 1986). Cells transformed 
with HSP60-lacZ or CYCI-lacZ fusion genes were assayed for 
p-galactosidase activity by the method of Guarente (1983). Cells 
were grown overnight in appropriate medium and Agoo read. 
Volumes corresponding to approximately 1.0 Aeoo of cells were 
centrifuged for 5 minutes at 3,000 rpm at room temperature. 
Pellets were resuspended in 1.0 ml Z buffer (60 mM Na2HP04 7H2O, 
40 mM NaH2P04 H2O, 10 mM KCI, 1 mM MgS04, pH 7.0, with 
p-mercaptoethanol added to 50 mM before use), briefly vortexed, and 
centrifuged as above. Supernatants were poured off and 1.0 ml Z 
buffer added. Cells were permeabilized with 3 drops of CHCI3 and 2 
drops of 0.1% SDS. Permeabilized cells in 50 or 100 |xl were diluted 
into a final volume of 1.0 ml Z buffer, preheated to 28°C, and 0.2 ml 
of 4 mg/ml o-nitrophenyl-p-D-galactoside in H2O added. Following 
sufficient color development, reactions were terminated with 0.5 ml 
1 M Na2C03. Cell debris was removed by centrifugation as above. 
Absorbance by supernatants was measured at 420 nm, and activity 
units expressed as A42o/ml/min/A6oo- Where appropriate, 
probability levels for significant differences between experimental 
groups were determined using Student's t test (Snedecor and 
Cochran, 1989). 
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Transcription Initiation Site Mapping 
Based on the method of Weaver and Weissman (1979), SI 
mapping was performed using an end-labeled probe. An 
oligonucleotide complementary to nucleotides +57 to +72 of HSP60 
(Reading et ai, 1989) was synthesized, 5* end-labeled with 32p^ and 
annealed to a single-stranded DNA template produced by the 
phagemid pUC118 carrying as insert the 1.2 kb Bcl\ restriction 
fragment of HSP60 (nucleotides -410 to +804) with the 
translational start codon. The oligonucleotide primer was then 
extended with DNA polymerase I Klenow fragment and the DNA 
digested with EcoRl and subjected to electrophoresis on a 6% 
polyacrylamide/8 M urea gel. The labelled probe was detected by 
autoradiography, excised from the gel, and electroeluted as 
described in Ausubel et ai (1987). The probe (50 kcpm) was 
annealed to 4 p.g of total cellular RNA in 80% formamide, 40 mM 
PIPES, pH 6.4, 400 mM NaCI, 1 mM EDTA, pH 8.0, in a 20 ni volume. 
Following heating at 5°C for 10 minutes and overnight hybridization 
at 30°C, samples were digested with 300 units of SI nuclease 
(Boehringer Mannheim) in 300 nl nuclease buffer for 1 h at 30°C. The 
reaction was terminated by the addition of 5 mM EDTA, the nucleic 
acid ethanol precipitated, and subjected to electrophoresis in a 6% 
polyacrylamide/8M urea gel. The size of the protected DNA-RNA 
hybrid fragment was determined by including on the same gel in an 
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adjacent set of lanes sequencing reactions performed using the S1 
oligonucleotide as a primer. 
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RESULTS 
HSP60 is expressed constitutively and induced 2- to 3-fold in 
response to hyperthermal stress (McMullin and Hallberg, 1987; 
McMullin and Hallberg, 1988). In experiments designed to 
distinguish between a nuclear and mitochondrial location for HSP60 
(McMullin and Hallberg, 1988), the level of hspGO appeared to be 
higher in [rho^] cells than in otherwise isogenic [rho+] ones. 
Therefore, hsp60 production was examined in isogenic strains 
containing either wild type or rho° mitochondria, {D273[rho+] and 
D273[r/7oO], respectively) during normal growth at 30°C and 
following heat shock at 39°C for 2 h. Cells were grown in rich 
medium containing 10% glucose (YPHiD) without shaking. These 
conditions were used to ensure that the cells were utilizing the 
preferred carbon substrate glucose and undergoing fermentative 
growth, thus eliminating other metabolic variables. Immuno­
detection of hsp60 in total cell protein revealed that the [rho^] 
strain consistently showed higher steady state levels of hspSO than 
the [rho+] strain, referred to below as the rho° effect (Fig. 1). The 
expected heat shock induction was also evident in cells with either 
mitochondrial genotype. Similar results were obtained with an 
isogenic pair of strains in a separate nuclear background {\N303[rho°] 
and \N303[rho+]), except that the difference in hsp60 levels between 
[rho^] and [r/70+] cells is more pronounced in strain D273 than in 
W303 (data not shown). 
FIG. 1. Steady state levels of hsp60 increase in response to heat 
shock and deletion of mitochondrial DNA 
Strain D273 cells were grown in YP medium containing 10% 
glucose to a density of 0.1-0.2 Agoo/mL. Equal amounts of total 
protein separated by SDS-PAGE were stained with Coomassie 
brilliant blue R (lanes 1-4) or transferred to nitrocellulose filters 
(lanes 5-8). Protein was detected by probing filters with rabbit 
antiserum specific for hsp60 (McMullin and Hallberg, 1987), 
followed by C^Sijprotein A. Strain D273[rho+] (lanes 1, 3, 5, and 7) 
and derivative [rho^] strain lacking mitochondrial DNA (lanes 2, 4, 
6, and 8) were incubated continuously at 30°C (lanes 1, 2, 5, and 6) 
or shifted to 39°C for 2 h (lanes 3, 4, 7, and 8). 
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To determine whether HSP60 mRNA also accumulates to a 
greater extent in [rho°] than in [rho+] cells at normal and heat shock 
temperatures, we performed a Northern blot analysis of strain D273 
cells grown either in YPHiD or in rich medium containing 2% 
galactose, YPGal (Fig. 2). In each medium, accumulation of HSP60 
mRNA is greater in [rho^] than in [r/70+] cells, either during growth at 
30°C or 39°C. For each pair of samples with different mitochondrial 
genotypes, levels of actin mRNA were the same, regardless of 
temperature treatment or growth medium. This RNA species was 
probed as a control for the loading of equal amounts of total mRNA. 
Actin transcript abundance is representative of total mRNA and is 
not different in [rho+] and respiration-deficient strains (Parikh et 
al., 1987) or affected by growth in different carbon sources (See 
Szekely and Montgomery, 1984.). In parallel with the protein levels, 
induction of HSP60 mRNA due to rho^ mitochondrial state was again 
found to be more pronounced in strain D273 than in W303 (data not 
shown). 
Previous studies (van Loon et al., 1982; Lustig et ai, 1982; 
Zitomer et al., 1979; Szekely and Montgomery, 1984; Laz et ai, 
1984; Myers et al., 1987a; Partaledis and Mason, 1988) have 
demonstrated that carbon source influences expression of nuclear 
genes encoding mitochondrial components. Glucose represses 
transcription of various nuclear genes coding for mitochondrial 
proteins by a factor of 2.5- to 7-fold, depending upon the gene and 
FIG. 2. HSP60 message accumulates in response to heat shock and 
deletion of mitochondrial DNA 
Northern blot analyses of D273[r/?o+] (lanes 1 and 3) and [rho^] 
(lanes 2 and 4) cells grown in YPD containing 10% glucose (A) or 
YPGal (B). (A) Total cellular RNA was extracted from cells grown to 
a density of 0.1-0.2 Agoo/mL at 30°C (lanes 1 and 2) or heat 
shocked at 39°C for two hours (lanes 3 and 4). Equal amounts of 
RNA were separated by electrophoresis in duplicate sets of lanes in 
a 1% agarose-formaldehyde gel and transferred to nitrocellulose. 
Each half of the filter was probed with gel purified, [32p]_ 
radiolabeled internal restriction fragments of either HSP60 (Bcll-
Sall; Reading et ai, 1989) or actin. (B) Total RNA from cells grown 
to early log phase was denatured using glyoxal/DMSO, separated by 
electrophoresis in a 1% gel, and transferred to nylon membrane. 
The filter was incubated with both HSP60 and actin radiolabelled 
probes. Lanes 1 and 2: Cells grown continuously at 30°C; lanes 3 
and 4; Cells grown at 30°C and then shifted to 39°C for 2 h. 
HSP60 
ACTIN 
HSP60 
ACTIN 
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strain being evaluated, as compared to growth in nonfermentable 
substrates or nonrepressing sugars such as galactose (Szekely and 
Montgomery, 1984). In the same study, kinetic analysis revealed 
that release from glucose repression is complete by about 3 hours. 
Western blotting analysis was therefore performed to ascertain 
whether the level of hsp60 is similarly influenced by catabolite 
repression. Cells were grown to early log phase in synthetic medium 
containing 10% glucose and then concentrated 7-fold by 
centrifugation and resuspension in 2% glucose-containing medium. 
After transfer to this medium, referred to as nonrepressing, cells 
catabolize the available glucose and then switch from fermentative 
to respiratory growth. The W303 cells used in this experiment 
contain integrated copies of a CYC1 promoter-/acZ transcriptional 
vector whose promoter activity was shown in previous experiments 
(Myers et ai, 1987a; this study) to be influenced by carbon source 
and thus serve as a control for derepressing growth conditions. 
Levels of hsp60 were measured by immunodetection before and at 
various times after shifting cells to the nonrepressing medium (Fig. 
3A). These data indicated that the level of hsp60 is several-fold 
greater at one hour after transfer of cells from repressing to 
derepressing growth conditions. By 3 h of growth in nonrepressing 
medium, the level of hsp60 was much reduced. The level of HSP60 
mRNA was determined by RNA blotting analysis using the same 
experimental growth conditions. Total cellular RNA was extracted 
FIG. 3. Both the amount of hsp60 protein and HSP60 message 
increase during glucose derepression 
W303 cells were grown in synthetic medium containing 6% 
glucose to a density of about 0.15 Aeoo/mL, centrifuged at 3,000 x 
g for 10 min, and resuspended in synthetic medium with 2% glucose. 
Samples were prepared at various times following resuspension. 
(A) Equal amounts of total cellular protein from cells at 0 h (lanes 
1 and 4), 1 h (lanes 2 and 5), or 3 h (lanes 3 and 6) after 
resuspension were separated by SDS-PAGE and either stained with 
Coomassie brilliant blue R (lanes 1-3) or transferred to 
nitrocellulose and probed with anti-hsp60 antiserum (lanes 4-6). 
(B) Total cellular RNA was extracted from cells at 0 h (lanes 1 and 
6), 1 h (lanes 2 and 7), 3 h (lanes 3 and 8), 4 h (lanes 4 and 9), or 5 h 
(lanes 5 and 10) following transfer to nonrepressing medium, 
denatured with glyoxal/DMSO, separated by electrophoresis in a 1% 
gel and then either stained with ethidium bromide (lanes 1-5) or 
transferred to nylon membrane and probed with radiolabeled HSP60 
(lanes 6-10). 

FIG. 4. Construction of HSP60-lacZ fusion genes 
A BglW recognition site was created at the third codon of 
HSP60 by oligonucleotide-directed site specific mutagenesis. 
Approximately 400 bp of 5' flanking region of HSP60 extending up to 
this BglW site was ligated into Ylp356R (Myers et al., 1986), where 
codon 3 of the yeast gene was fused to codon 8 of the reporter gene. 
In a separate step, the native 900 bp contiguous with the 5' aspect 
of this 400 bp fragment was inserted. Plasmids containing either 
the 400 or 1300 bp promoter fragment were linearized by digestion 
within the selectable marker URA3 and integrated into the yeast 
nuclear genome at the resident ura3' locus. B=BamHI; E=EcoRI: 
H=H/ncfIII: N=Wcol: and PHSP60=5' flanking region ofHSPSO. 
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from a culture of aW303 cells that contain integrated copies of an 
HSP60 promoter-/acZ transcription vector (see below). The amount 
of HSP60 mRNA was found to be several-fold higher in cells within 1 
h and to diminish after 3h of transfer to nonrepressing medium (Fig. 
SB). 
As an independent means of measuring the expression of HSP60 
in response to carbon source, thermal stress, and presence of 
mitochondrial DMA, a synthetic gene comprised of the HSP60 5' 
flanking region and 3 amino terminal codons fused to codon 8 of the 
coding sequence of lacZ was constructed for assay of 
(3-galactosidase activity (Figure 4). Plasmids consisting of either 
400 or 1300 bp of native 5' HSP60 flanking region fused to lacZ were 
linearized and integrated into the URA3 gene of wild type strain 
W303. Southern hybridization experiments indicated that HSP60-
lacZ gene fusion constructs integrated into the yeast chromosome as 
approximately 5 tandem repeats (data not shown), p-galactosidase 
activity was measured in lysates of cells transformed with the 400 
bp flanking region-/acZ construct and grown under the same 
experimental conditions used in the previous Northern and Western 
blotting analyses. Enzyme activities in lysates of cells harvested at 
various times after transfer to low glucose medium are shown in 
Table 1. The increase in enzyme activity, driven by the HSP60 
promoter, seen upon release from glucose repression confirms the 
results obtained in the previous Western and Northern transfer 
experiments. However, a nearly linear increase in enzyme activity 
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Table 1. Effect of glucose repression on HSP60 promoter 
Medium Time^ Cell Density^ p-Galactosidase 
Act iv i ty 
6% Glucose 0 .13 .11 
2% Glucose" 0 .82 .07 
1 1.1 .18 
3 1.6 .36 
4 1.7 .42 
5 1.8 .51 
^Hours after transferring cells from rich medium 
with 6% glucose to 2% glucose. 
^Aeoo-
'^A420/mL/min/Agoo. 
''cells were concentrated by centrifugation and 
resuspension in a smaller volume of 2% glucose medium. 
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was observed over the 5 h period of growth in nonrepressing 
medium, and does not parallel the diminished amount of hspGO 
measurable by immunodetection at 3 h after transfer of wild type 
cells to low glucose medium, as discussed below. 
The HSP60-lacZ gene fusions also were used to verify the rho^ 
effect detected by Western and Northern blotting analyses. To 
assess HSP60 promoter activity under the simultaneous influence of 
heat shock and nonrepressing growth conditions, the present study 
was extended by measuring p-galactosidase activity in lystes from 
single colony isolates grown in YPHiD medium or the nonrepressing 
YPGal medium. Cultures grown to early log phase were split into 
two portions: one was maintained at 30°C, while the other was 
incubated at 39°C for two hours. Both cells transformed with the 
-1300 bp promoter construct and those with a CYC1-lacZ fusion 
construct as a control were included. Regulation of CYC1, coding for 
apo-iso-1-cytochrome c (Montgomery etal., 1978), is known to be 
affected by carbon source (Zitomer and Nichols, 1978; Zitomer etal., 
1979; Laz etal., 1984), but not by heat shock. As a control for 
effect of cell density on promoter activity, lysates were prepared 
from 30°C cultures at both the beginning and end of the heat shock 
period. For each 5' flanking region of HSP60 fused to /acZ, levels of 
p-galactosidase activity were about three to four times greater 
when cells incubated at 30°C were grown in YPGal, as compared to 
those grown in 10% glucose medium (Table 2). The results of this 
assay also confirmed the heat shock induction previously shown by 
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Table 2. Effect of glucose and heat shock on HSP60 promoter 
Medium 5' Region Sample^ Cell Density^ p -Galactosidase Act iv i ty 
YPHiD -400 TO-30 .18 .131 
T2-30 .44 .141 
T2-39 .49 .546 
-1300 TO-30 .16 .188 
T2-30 .42 .192 
T2-39 .41 .584 
CYC1 TO-30 .17 .186 
T2-30 .49 .223 
T2-39 .43 .203 
YPGal -400 TO-30 .09 .505 
T2-30 .28 .500 
T2-39 .27 .684 
-1300 TO-30 .06 .585 
T2-30 .14 .584 
T2-39 .13 1.355 
CYC1 TO-30 .09 1.171 
T2-30 .21 1.063 
T2-39 .20 .843 
^Cells grown at 30°C were harvested (TO-30) or 
maintained at 30°C (T2-30) or 39°C (T2-39) for 2 h. 
^^600-
Units as in Table 1. 
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Table 3. Effect of mitochondrial genotype on HSP60 promoter 
_ i, p-Galactosidase 
5 Region Sample Cell Density Activity* 
-400 rho+ .06-.34 .222 ±.013 
rho° .04-.23 .312 ±.018* 
-1300 rho+ .14-.33 .236 ± .044 
rho° .06-.29 .360 ± .030" 
CYC1 rho+ .13-.43 .160 ± .035 
rho° .11-.34 .196 ±.038 
^ Cells were grown at 30°C in YPHiD without shaking. 
* 6 0 0 -
Units as in Table 1. 
*p <.05. 
**p <.05. 
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Western and Northern blotting. The -1300 and -400 constructs 
showed similar levels of HSP60 promoter activity under each 
condition, indicating that c/s-acting elements which mediate these 
two responses are located within 400 bp of the initiation codon. As 
expected, the CYC1-lacZ fusion gene was strongly induced in the 
presence of galactose, but not influenced by heat shock. 
To determine promoter activity as a function of nonrepressing 
growth conditions and deletion of mitochondrial DNA, 
P-galactosidase activities were measured in lysates of several 
W303[r/7o+] and [rho^] derivatives containing the -1300, -400, or 
CYC1 fusion constructs grown to low cell density in either 10% 
glucose or 2% galactose (Table 3). The promoter activity of HSP60 
and CYC1 was assayed in lysates of at least 7 independent [rho°] 
isolates grown in 10% glucose. The [rho^] derivatives grown in 10% 
glucose consistently showed at least 1.5-fold greater levels of 
p-galactosidase activity than the isogenic [r/70+] cells. The 
difference due to mitochondrial genotype is significant for both the 
-1300 (p<.001) and -400 (p<.001) constructs, but not for the CYC1 
control (.1<p<.05), and parallels, albeit in less pronounced fashion, 
the results obtained in the previous Western and Northern blotting 
experiments. As discussed below for p-galactosidase levels 
measured during the glucose derepression time course, this 
discrepancy may reflect differences in protein turnover between 
native hsp60 and the gene fusion product or in message stability 
FIG. 5. HSP60 constitutive expression and induction by either heat 
shock or deletion of mitochondrial DNA utilize the same 
transcription initiation site 
Left panel: Northern analysis of samples used in S1 nuclease 
mapping. Equal amounts of total cellular RNA from cells grown in 
YPD containing 8% glucose were loaded on a 1% agarose-
formaldehyde gel, transferred to nitrocellulose filter following 
electrophoresis, and probed with the radiolabeled Bcll-Sall 
restriction fragment of HSP60. 
Right panel: RNA samples were annealed to an end-labeled, 
single-stranded probe and treated with S1 nuclease to identify the 
5' end(s) of HSP60 mRNA transcribed under the various conditions. 
A 106 bp DNA-RNA hybrid was protected after annealing of a 
single-stranded DNA probe to total cellular RNA from [r/70+] cells at 
30°C (lane 1), [rho^] cells at 30°C (lane 2), [r/70+] cells heat shocked 
for two hours at 39°C (lane 3), or from heat shocked [rho^] cells 
(lane 4), and treatment with S1 nuclease. The transcription start 
site for each HSP60 induction is at -34 nucleotide, relative to the 
translational start site. 
EtBr HSP60 
STAIN TRANSCRIPT 
-1.9 kb 
«•X 
1234 1234 
|: rho+ 30* 
2- rho®, 30® 
3: rho% 39® 
4: rho®, 39® 
SI NUCLEASE MAPPING 
-34 — 
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probe 
-tiSPfiû 
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between HSP60 mRNA and the lacZ transcript. In any case, because 
the -1300 and -400 constructs again yielded similar results for 
each experimental regimen, the c/s-acting elements mediating this 
response most likely reside within 400 bp of the initiation codon. 
The above results demonstrate three inductions of HSP60: 
deletion of mitochondrial DNA, glucose derepression, and heat shock. 
It was of interest to determine whether or not the mode of 
transcription was similar in all three responses. Therefore, as an 
initial approach to address this problem, SI mapping was used to 
test whether constitutive expression and induction by either heat 
shock or deletion of mitochondrial DNA utilize the same 
transcription initiation site. Similar amounts of total cellular RNA 
extracted from [rho+] and [rho^] cells maintained at 30°C or heat 
shocked at 39°C for two hours were analyzed by SI nuclease 
mapping (Fig. 5). A single-stranded probe was annealed to RNA from 
[rho+] or [rhoo] cells incubated at 30°C (lanes 1 and 2, respectively) 
or from [rho+] or [rhoo] cells shifted to 39°C for 2 h (lanes 3 and 4, 
respectively), and then treated with SI nuclease. The presence of a 
fragment of identical length (106 nucleotides) in each lane indicates 
that transcription initiated at the same nucleotide, regardless of 
type of induction. The RNA blot of samples used in SI mapping, 
demonstrating inductions by both heat shock and deletion of 
mitochondrial DNA, is also shown. 
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DISCUSSION 
The results of this study demonstrate that HSP60 expression 
is influenced by carbon source and deletion of mitochondrial DNA in 
addition to temperature elevation. The Western blotting data 
presented in Figure 1 show that the level of hsp60 is elevated in 
[rho^\ cells relative to isogenic wild type cells and in cells 
subjected to heat shock. Moreover, the effects of heat shock and 
deletion of mitochondrial DNA on hspGO production are seen to be 
additive. The Northern blotting analysis of cells grown in either 
galactose or 10% glucose medium, shown in Figure 2, confirms these 
relative inductions of HSP60, with respect to both mitochondrial 
genotype and temperature. The fact that mRNA accumulation is 
greater in [rho°] than in [rho+] cells grown In galactose indicates 
that the similar results obtained for cells grown in 10% glucose are 
not due to a differential catabolite repression of the gene in [rho+] 
and [rhcfi] backgrounds, as noted for the nuclear gene MRP13, coding 
for a mitochondrial ribosomal component (Partaledis and Mason, 
1988). At the level of HSP60 mRNA accumulation, the effects due to 
heat shock and lack of mitochondrial DNA again are seen to be 
additive. The SI mapping data presented in Figure 5 indicate a 
single transcription inflation site for HSP60 induction by heat shock 
and deletion of mitochondrial DNA. Taken together, these data are 
consistent with control primarily at the level of rate of 
transcription. 
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Butow and colleagues (Parikh et ai, 1987; Butow et al., 1988; 
Parikh et al., 1989) present evidence for a signal pathway from 
mitochondria to the nucleus. A subtraction cDNA hybridization 
strategy employed by these investigators reveals differences in 
expression of nuclear genes in isochromosomal, phenotypically 
identical cells that differ only with respect to mitochondrial 
genotype. Three particular strains of identical nuclear genotypes 
were compared: [mit], [rho-], and [rho°]. Two classes of 
differentially expressed genes emerged from this study: 1) those 
corresponding to transcripts more prevalent in all three 
respiratory-deficient strains, mit" or petite, than in the wild type 
[rho+] strain, and 2) those corresponding to RNAs more abundant 
specifically in petites relative to [mit-] cells (Parikh et ai., 1987). 
With the exception of one of the several transcripts of subunit VI of 
cytochrome c oxidase, hybridization to probes for known genes 
encoding mitochondrial components was not different among the 
different mitochondrial backgrounds. 
An RNA belonging to the second class described above is 
derived from the so-called nontranscribed spacer region of the 
nuclear ribosomal DNA repeat, transcribed from the same strand as 
is the 37S rRNA precursor (Parikh et ai., 1989). This transcript is 
likely produced by polymerase II transcription, inasmuch as it was 
shown to be glucose repressible, sensitive to a concentration of a-
amanitin that did not affect rRNA synthesis, and to fractionate as 
poly(A)+ RNA. The relative level of this transcript varied from 
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barely detectable, in [rho+] cells, to greatly enhanced (> 5-fold) in 
certain petite strains. It is not known whether increased levels of 
this transcript in respiratory deficient strains are due to changes in 
rate of transcription or in message stablility, or both. In any case, 
the relative increase in HSP60 RNA levels in [rho°] cells Is modest 
by comparison. However, HSP60 is expressed constitutively and a 
less dramatic induction may fulfill the needs of the [rho°] cell. 
Induction of HSP60 due to the [rho°] genotype is not surprising, given 
that hsp60 is required for the folding of newly imported 
mitochondrial proteins (Ostermann et ai, 1989) and their subsequent 
assembly (Cheng et ai, 1989). Furthermore, in yeast nuclear-
encoded mitochondrial components continue to be synthesized, 
imported into mitochondria, and inserted into the inner membrane, 
even under conditions in which the synthesis of associated, 
mitochondrial-encoded subunits is blocked (reviewed in Attardi and 
Schatz, 1988). 
The Western and Northern data presented in Figure 3 indicate 
that release from glucose repression is complete within several 
hours of shift to low glucose medium. The steady state level of 
hsp60 protein is elevated by 1 h and diminished by 3 h of cell growth 
in nonrepressing medium. Levels of HSP60 mRNA parallel those of 
hspGO during derepression, where RNA levels decline appreciably 
after 3 h. A nearly linear increase in p-galactosidase activity, 
driven by the HSP60 promoter, was observed over a 5 h derepression 
time course under the same experimental conditions. This result may 
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reflect a difference in protein turnover between the native hsp60 
and the lacZ product or in RNA messenger stability between HSP60 
and the HSP60-lacZ chimeric gene. With respect to the latter, 
Petersen and Lindquist (1989) have demonstrated that the 3' 
untranslated region of the DrosophUa HSP70 mRNA is sufficient to 
confer regulated degradation of heterologous mRNA during recovery 
from heat shock. Thus, while HSP60 mRNA levels are much reduced 
after 3 h and must represent some degree of mRNA degradation, the 
lacZ transcript may not be turned over because it lacks the 
necessary sequence contained within the 3', or even possibly the 
coding, region of the native transcript. This possibility, however, 
remains to be tested. 
HSP60 induction during glucose derepression displays a 
pattern similar to that of other nuclear encoded genes. The Northern 
data are almost identical to those shown for MRP2, a nuclear gene 
coding for a mitochondrial ribosome protein constituent (Myers et 
al., 1987b). Similar, but slightly more delayed and pronounced 
increases in mRNA levels were demonstrated for the nuclear genes 
CYC1 (Myers et ai, 1987a) and those coding for the a and p subunits 
of the F1 adenosine triphosphatase and the ATP/A DP translocator 
(Szekely and Montgomery, 1984). That carbon source regulation of 
many nuclear genes specifying mitochondrial components is exerted 
at the transcriptional level has been demonstrated for these latter 
three genes (Szekely and Montgomery, 1984), CYC1 (Zitomer et ai, 
1979; Guarente et al., 1984; Laz et al., 1984), CYC7 (Prezant et al., 
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1987; Zitomer et al., 1987), COX5A (Trueblood et al., 1988), and the 
catalase genes (Hortner et al., 1982; Winkler et al., 1988). The 
concordance of HSP60 mRNA and hsp60 levels seen upon release 
from glucose repression is consistent with such a transcriptional 
level of control. It should be noted, however, that differential 
message stability may, at least in part, underly each of the 
inductions described above for HSP60. Whatever the exact basis for 
control, an early release of HSP60 transcription from glucose 
repression is not surprising, again given that hspSO is required for 
the folding of proteins imported into mitochondria (Ostermann et ai, 
1989), engaging in chaperone duties with regard to respiratory 
subunits whose synthesis and mitochondrial import are increased 
after release from catabolite repression. 
The most precise molecular details of catabolite repression in 
yeast have come from studies of the CYC1 gene (reviewed in Grivell, 
1989). Two discrete upstream activation sequences, termed UAS1 
and UAS2, are required for transcriptional activation of CYC1 under 
different physiological conditions. UAS1 serves as a target for 
binding by the transcriptional activator protein HAP1, which is 
responsible for RNA synthesis under aerobic conditions. UAS1, but 
not UAS2, is involved in derepression by elevation of intracellular 
heme levels and is responsible for basal levels of expression in 
glucose. Both UAS1 and UAS2, on the other hand, contribute about 
equally to derepressed expression in response to a shift to non-
fermentable carbon sources (Guarente et ai, 1984). Mutational and 
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hybrid promoter analyses reveal a specific sequence within each 
UAS that confers sensitivity to carbon source: ACCGA and 
TNATTGGT for UAS1 (Lalonde et ai, 1986) and UAS2 (Forsburg and 
Guarente, 1988), respectively. Organization of the upstream region 
of CYC7, which codes for the other cytochrome c isozyme, iso-2, is 
similar to that of CYC1. One subregion within the CYC7 UAS is 
responsible for activation by heme, while the other mediates 
induction by carbon source (Prezant et al., 1987; Zitomer etal., 
1987). However, unlike for CYC1, basal levels of CYC7 expression 
are observed in the absence of heme (Matner and Sherman, 1982). 
The two genes are probably thus regulated differentially to produce 
separate isoforms in response to certain physiological signals. Even 
under conditions in which both genes display induction due to 
glucose derepression, the transcriptional mechanisms likely differ 
at least with respect to activation factors, given that the subregion 
defined for catabolite repression of CYC? does not match those for 
CYC1 UAS1 or UAS2. Similarly, no match could be found between 
sequences within the -400 bp HSP60 promoter and any of the CYC 
UAS regions, despite the fact that matches were found to TATA and 
heat shock element consensus sequences (See Section II.). Thus, 
different promoter sequences probably exist for various genes and 
bind specific transcriptional factors that nonetheless effect a 
common regulatory response. 
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SUMMARY AND CONCLUSIONS 
Sections I and II describe tiie cloning of a yeast heat shock 
gene, HSP60, that encodes a mitochondrial protein known to have 
immunologically related counterparts of similar size in all 
eucaryotes tested, including plants, protozoa, amphibians, and 
mammals. That hspGO is a conserved mitochondrial protein in all 
eucaryotes examined attests to its importance in cellular function. 
Therefore, I cloned the yeast gene and deduced the amino acid 
sequence to determine further the nature of this important protein. 
I found that HSP60 belongs to a gene family whose products are 
represented in mitochondria, chloroplasts, and bacteria. The 
deduced amino acid sequence of HSP60 is 54% and 43% identical to 
those for E. coli groEL and the ribulose bisphosphate carboxylase 
subunit binding protein, respectively, assuming several small 
additions or deletions. The subunit binding protein is required for 
oligomer assembly of ribulose bisphosphate carboxylase/oxygenase, 
the enzyme that catalyzes carboxylation of ribulose during the 
Calvin cycle and oxygenation of the same substrate during photo-
respiration. GroEL is known to be involved in the folding and 
transport pathways of many proteins in E. coli. Nucleotide sequence 
analysis also revealed a putative TATA sequence 10 base pairs 
upstream of the transcriptional start site. A match to the heat 
shock consensus sequence, TTCNNGAANNTTCNNGAA (Amin etal., 
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1988), was centered at 174 base pairs upstream of the 
transcriptional start site. 
Yeast HSP60 was found to be an essential gene, the product of 
which is not only required during stress but also has vital function 
under normal conditions. I also performed tests on the function of 
hsp60. Data presented in Section II shows that hsp60 is involved in 
the assembly of macromolecular complexes within mitochondria: 
HSP60 was found to reside at the same genetic locus as a mutated 
gene, mif4, that results in a temperature sensitive phenotype (Cheng 
et al., 1989). When cells harboring this mutation are placed at 
nonpermissive temperature, mitochondrial enzyme subunits are 
imported and proteolytically cleaved in normal fashion, but not 
assembled into final quaternary structure. It is now known that 
when isolated mitochondria are depleted of ATP, protein folding 
within the matrix does not occur (Ostermann eta!., 1989). Proteins 
can translocate into the matrix and undergo processing as usual, but 
become trapped in an intermediate state of folding in association 
with hsp60. ATP, but not a nonhydrolyzable analog, promotes 
release of completely folded proteins when added to partially 
purified hspGO-protein complexes. In addition to these mature 
structures, ATP addition also yielded some partially folded protein 
still bound to hsp60, demonstrating that at least some folding 
occurs on the surface of hspGO. Thus, the findings on an obligatory 
role of hsp60 in the folding and assembly of holoenzymes adds to the 
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growing body of evidence that many enzymes require accessory 
factors for their final assembly. 
Indeed, members of both hsp70 and hspGO families are 
considered as molecular chaperones. They participate in folding, 
translocation, and assembly processes without being assimilated or 
consumed. It is possible that these proteins carry out their various 
roles by first binding polypeptide stretches, probably hydrophobic in 
nature, that are exposed during the normal course of protein 
synthesis or during conditions imposed on the cell during stress. 
According to this view, in the resulting hsp-polypeptide complexes, 
proteins remain at least partially unfolded and competent for 
passage through given membranes. Energy generated through ATP 
hydrolysis may be utilized directly by the hsps or indirectly in 
conjunction with ATP-dependent factors to effect the remaining 
steps of folding and the ultimate release from the chaperone. Thus, 
hsp60 is most likely required for both protein folding and assembly 
within mitochondria and may operate in accord with the above 
posited scheme. 
Based on the assumption that conditions imposed on the cell 
that likely modify the requirements for folding and assembly within 
mitochondria may in turn influence production of hsp60, I proceeded 
to characterize HSP60 expression especially with respect to state 
of mitochondrial genotype and carbon source. I found that HspGO 
levels were elevated not only during heat shock, but also at normal 
temperature in cells that lack mitochondrial DNA relative to 
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isogenic wild-type cells ('rhoo' effect). The induction due to 
deletion of mitochondrial DNA was additive with the effect due to 
heat shock. In addition, I observed a strong induction upon release 
from glucose repression. The inductions by deletion of 
mitochondrial DNA, carbon source, and heat shock were found to 
utilize the same transcription initiation site (at position -34 with 
respect to the translational start site) and to be mediated by 
sequence information within 400 base pairs of this site. 
The rhoo effect is particularly interesting because it implies a 
signal pathway from mitochondria to the nucleus. An intriguing 
observation is that the consensus mitochondrial DNA promoter 
element, ATATAAGTA, is prevalent in the 5' region of many nuclear 
genes in yeast, which led to the hypothesis that either 1) a 
catalytic RNA related to the mitochondrial enzyme operates in the 
nucleus of the yeast cell, or 2) a DNA sequence specificity factor is 
shared between the nucleus and mitochondria (Marczynski et ai, 
1989). Using an in vitro transcription assay, these investigators 
ruled out the former possibility. Recently, Jaehning et al. (1989) 
and Butow etal. (1989) independently have shown that the 
mitochondrial promoter element, when fused to a heterologous 
nuclear gene coding sequence, can confer mitochondrial genotype-
dependent regulation. 
It was shown previously that the Q at position -2 is essential 
for functional recognition by mitochondrial polymerase (Biswas et 
al., 1985; Biswas and Getz, 1986). Based on these findings and the 
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fact that the sequence ATATAAGAA occurs almost immediately 
upstream of the HSP60 transcriptional start site, I performed a 
series of experiments to test the hypothesis that the -2 G is critical 
for the rhoo effect. Site-directed in vitro mutagenesis was first 
performed to obtain 5' flanking regions of HSP60 that differed only 
by the nucleotide in place of the G. The native 400 bp promoter 
region and the mutated promoters containing A, T, or C were fused in 
frame to either lacZ or chloramphenicol acetyltransferase coding 
sequences, and gene activity was monitored in both [rho°] and wild-
type mitochondrial DNA backgrounds. No differences in enzyme 
activities between cells containing the various promoter constructs 
were apparent; however, because attempts to analyze the cells by 
Northern blotting failed, the proper positive controls for this 
experiment are entirely lacking, and thus no conclusions may be 
drawn concerning the possible role of this sequence in the rhoo 
effect. These results were therefore not included in this 
dissertation. However, future experiments on the possible role of 
this sequence (or sequence information contained in the 3' 
untranslated portion of the gene) in mediating the rhoo effect should 
prove interesting and may help to elucidate the mechanism by which 
mitochondria can communicate with the nucleus. 
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